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Cognition may depend in part on cerebral blood flow (CBF) and its regulation. All are 
affected in similar directions by stress acutely (e.g., mental and exercise-related) and 
chronically (e.g., fitness and age). For example, cognition, CBF and its major regulator 
(CO2 pressure in the blood; PETCO2) all show inverted-U responses to exercise intensity. 
Additionally, cognition, CBF and its reactivity to changes in CO2 improve with fitness and 
decline with age. However, the relation between changes in cognition and changes in 
CBF or PETCO2 remains unknown, particularly in an exercise-context. Therefore, the 
primary aim of this thesis was to manipulate CBF (as indexed by middle cerebral artery 
blood velocity; MCAv) or PETCO2 upward and downward, and examine their effects on 
cognition (visuomotor speed, inhibitory control, and mental switching). Secondary aims 
were to examine possible modulating effects of fitness, training-specificity, swimming 
(as an accessible but understudied mode of aerobic exercise), and age. 
Study 1 was a validation study to characterise the cerebrovascular and haemodynamic 
responses during acute mental stress, which may occur during cognitive testing. High 
mental stress increased MCAv by 7% (p<0.01), driven largely by increased blood 
pressure (17%; p<0.01). High stress also increased the sensitivity of MCAv to increases 
in PETCO2 (CVRCO2) by 46% (p=0.03). Therefore, acute mental stress can alter the 
regulation of CBF.  
Study 2 demonstrated that the cognitive benefit from acute bouts of exercise is not 
solely mediated by concomitant changes in PETCO2 and MCAv. Specifically, treadmill 
walking improved visuomotor performance in active (p=0.046), but not inactive 
(p=0.15) young adults. However, this improvement was unrelated to exercise-mediated 
increases in PETCO2 (≥3 mmHg) and MCAv (13%; p<0.01). Hypercapnia increased MCAv 
(27-39%; p<0.01), but impaired cognition (3-6%; p≤0.04), regardless of session. Overall, 
increased PETCO2 and MCAv per	se were not sole mediators of exercise-related cognitive 
improvement.  
Study 3 revealed that swimming increased MCAv mostly due to postural and PETCO2 
effects (p≤0.01), with minimal contributions from water immersion (p=0.76) or motor 
activity (p=0.32). Swimming at a moderate-intensity for 20 min improved visuomotor 
speed by 4% (p=0.03), unrelated to increases in MCAv. Upright water immersion 
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increased MCAv by 12% (p<0.01) but without measurable cognitive improvements 
(p≥0.15). Thus, exercise appears to benefit cognition beyond its effects on MCAv, 
regardless of exercise modality and environment.  
In Study 4 we used indomethacin to acutely decrease MCAv and CVRCO2, by ≥25% and 
≥52%, respectively (p<0.01), in young (25±4 y) and older adults (58±6 y). Mental 
switching was 6% worse after indomethacin (p=0.04), regardless of age, and not 
measurably associated with changes in MCAv (r=-0.26). Prior to indomethacin, older 
compared with younger adults had 15% worse cognition overall and 11% lower MCAv 
(all p<0.05) but not impaired CVRCO2 (p=0.16). The main finding of this study was that 
cognitive performance may not be influenced by ≥25% reduction in CBF per	se in 
healthy adults.  
This thesis experimentally manipulated CBF and PETCO2 while concurrently measuring 
cognition. Collectively, these studies indicate that: 1) the acute cognitive benefit from 
exercise is not mediated by increases in CBF per	se; 2) In fact, there appears to be no 
measurable cognitive effect from acute increases or decreases in CBF in healthy adults; 
3) age (r≥0.63) and fitness (r≤-0.30) modulate cognitive function, but only age markedly 
modulates resting MCAv (r=0.35); and 4) CVRCO2 was weakly associated with cognitive 
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Cognition may depend in part on cerebral blood flow (CBF) and its regulation. Their 
relation appears evident in exercise-intensity profiles whereby cognition (McMorris and 
Hale, 2012, Brisswalter et al., 2002, Colzato et al., 2013), CBF, and its major regulator 
(i.e., arterial pressures of carbon dioxide [CO2], indexed by end-tidal CO2; PETCO2) 
(Tymko et al., 2018), all increase	during and after submaximal exercise and decrease 
during maximal intensity exercise. Furthermore, cardiorespiratory fitness is associated 
with heightened resting CBF(Ainslie et al., 2008, Bailey et al., 2013) and cognition 
(Chang et al., 2012), potentially due in part to enhanced cerebrovascular sensitivity to 
changes in arterial CO2 (Guiney et al., 2015).  
Additionally, acute and chronic cerebral hypoperfusion may worsen cognitive 
performance. For example, an acute ≥25% reduction in CBF causes significant, but 
reversible, cognitive impairment in cardiovascular disease patients (Marshall et al., 
2001). Transient cerebral hypoperfusion in chronic kidney disease patients was also 
found to associate with impaired cognitive performance (Findlay et al., 2019). 
Chronically, an age-related reduction in CBF is associated with poorer cognition 
(Leeuwis et al., 2018). Interestingly, exercise training appears protective against age-
related decreases in both CBF (Ainslie et al., 2008) and cognition (Gorelick et al., 2011). 
However, the cerebrovascular role in cognition, particularly during physiological stress, 
such as exercise, remains unknown. 
Therefore, the primary aim of this thesis was to manipulate CBF or PETCO2 upward and 
downward, with and without stress, to examine the nature and extent of their effects on 
cognition. Secondary aims were to examine the possible modulating effects of fitness 
and age. We designed studies to acutely increase or decrease CBF and examine any 
corresponding change of cognitive performance in different healthy adult groups. In a 
further study we examined their relations in a relevant but previously unstudied form of 
aerobic exercise (swimming) in which CBF and PETCO2 were both likely to be elevated.  
2 
1.1 Thesis Overview, Aims, and Hypotheses
Considering the central aim of this thesis, Chapter Two discusses the relevant literature 
in respect to both CBF regulation and	cognition, and their potential modulators such as 
age, fitness and sex. It acts as a general overview before the General Methods used in 
this thesis are described in Chapter Three. The four data chapters (Four through Seven) 
contain more study-specific background and methods and are summarised below.  
Chapter Four: The first study was designed to characterise the cerebrovascular and 
haemodynamic responses during acute mental stress. Mental stress is known to increase 
heart rate, blood pressure, and CBF. Participants are likely to feel stressed in new 
environments, particularly during high cognitive demand. Therefore, understanding 
how stress may affect CBF regulation is important for the interpretation of any 
cerebrovascular changes in the following Chapters. Stress paradigms such as mental 
arithmetic or response time tasks have been reported to cause peripheral endothelial 
dysfunction, but their effects on the cerebro-vasculature remains unknown. Therefore, 
we hypothesised that acute mental stress would impair CBF regulation to changes in CO2 
(an index of cerebral endothelial function).  
Chapter Five: Study 2 investigated whether exercise-related changes in cognition may be 
mediated at least in part by concomitant changes in PETCO2, given its dominant role in 
governing CBF. Moderate-intensity exercise is known to acutely improve cognition and 
increase CBF, both of which appear to be greater in more aerobically fit individuals. As 
changes in PETCO2 partially mediate the exercise-induced change in CBF (Lambertsen et 
al., 1959, Madsen et al., 1993), it follows that cognition, CBF, and PETCO2 show the same 
inverted-U profiles across exercise intensity; i.e., moderate-intensity exercise is 
associated with increases in PETCO2, CBF, and cognition while high-intensity exercise is 
associated with decreases in PETCO2, CBF and cognition Furthermore, both low and high 
PETCO2 tend to impair cognition (Fothergill et al., 1991, Marangoni and Hurford, 1990, 
Sayers et al., 1987). Therefore, this study was designed to investigate whether exercise-
related changes in cognition may be mediated at least in part by concomitant changes in 
PETCO2, in active and inactive young adults. Participants completed two randomised 
sessions; exercise and a resting CO2-control – wherein end-tidal CO2 (PETCO2) was 
matched between sessions and clamped across conditions at exercise-associated 
increases (+3 mm Hg) and hypercapnia (+10 mm Hg). We hypothesised that the 
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approximate +3 mm Hg increase in PETCO2 would result in cognitive improvements, 
whereas additional clamped hypercapnia (+10 mm Hg) would be detrimental to 
performance, regardless of session. It was predicted that PETCO2-related changes in CBF 
would associate with cognitive performance during exercise and at rest. Lastly, we 
hypothesised that fitness would have a positive association with cognitive performance 
at baseline.  
Chapter Six: Study 3 investigated the unknown and potentially unique effects of 
swimming on cerebrovascular and cognitive function. Research indicates that different 
modalities of exercise and their respective postures, breathing pattern, hydrostatic 
pressure, sympathetic activation, and neural demand (locomotor, visuomotor, and 
somatosensory activation profiles) impact CBF and its regulation. In this regard, the 
effect of swimming, as opposed to terrestrial exercise, is essentially unknown. Therefore, 
the primary aim of Study 3 was to determine the cerebrovascular response to swimming 
and the role of its component factors: (1) posture, (2) water immersion, (3) CO2 
retention, and (4) motor involvement. A secondary aim was to examine these separated 
effects of swimming on CBF and different aspects of cognition in people trained in 
swimming versus land-based exercise. 
Chapter Seven: The aim of Study 4 was to test the extent that an acute reduction in CBF 
is directly related to impaired cognition in young and older adults, and the extent to 
which age-related reductions are modulated by the usually-observed impairment in 
cerebrovascular function. Both cognition and CBF decline across the lifespan, and 
changes in CBF regulation are proposed to precede and influence cognitive decline. 
Furthermore, acute and transient hypoperfusion appears to cause cognitive dysfunction 
in clinical populations (Findlay et al., 2019, Marshall et al., 2001). While expecting that 
older adults will show lower CBF (~30%), associated with cognitive deficits in both 
response time and working memory measures, it was hypothesised that an acute 
reduction of CBF (i.e., with indomethacin) would impair cognition in young, but more so 
in older adults. 






Cerebral blood flow regulation is the physiologically-mediated maintenance of adequate 
and stable blood flow to the brain in the face of physical or chemical perturbations 
within or outside it. The CBF is governed by chemical, autoregulatory, metabolic, 
neurogenic, and systemic factors (Tymko et al., 2015, Lucas et al., 2010, Ainslie and 
Duffin, 2009). Dynamic adjustments of CBF in response to an acute perturbation are 
important to maintaining cellular function and integrity, and to meet the needs of 
neurovascular activation (i.e., during cognitive load). Insufficient blood flow can 
jeopardise brain health and eventually lead to cognitive decline (Balucani et al., 2012, 
Silvestrini et al., 2006). 
This thesis has a major focus on the chemical factors in CBF regulation, particularly the 
partial pressure of arterial CO2 (PaCO2) as it is the most potent regulator. However, 
autoregulatory, metabolic, neurogenic, and systemic factors all play a role in the 
regulation of CBF (Figure 2.1) and thus are all relevant despite having secondary foci 
within this thesis.  
Figure	2.1	 Representation of major factors involved in cerebral blood flow regulation. BP, blood 
pressure; SNA, sympathetic nerve activity. Reproduced from Ainslie and Duffin (2009) with 
permission, adapted (Arterial BP figure) by Willie et al., (2014). Copyright © 2009, The 
American Physiological Society.   
2.1.1.1 Influence of chemical factors on cerebral blood flow 
2.1.1.1.1 Cerebrovascular reactivity to carbon dioxide 
Although many physiological systems interact to regulate CBF, PaCO2 is its most potent 
modulator, as noted above in section 2.1.1. PaCO2 reflects a balance between internal 
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respiration (oxidative metabolism), acid-base buffering (CO2 is produced from H+ via 
bicarbonate buffering) and external respiration (ventilation).  
Carbon dioxide modulates CBF through changes in extracellular and perivascular pH, 
and therefore stimulates alterations in cerebrovascular smooth muscle cell tone. In fact, 
CO2 does not have an independent effect on cerebral vasomotion, rather the action of 
CO2 on cerebral vessels occurs via changes in extracellular pH (Kontos et al., 1977).  
Figure 2.2 illustrates that increases of PaCO2 cause vasodilation of cerebral vessels, 
while decreases in PaCO2 cause vasoconstriction. However, not all vessels respond to the 
same extent. For example, anterior cerebral arteries (e.g., middle cerebral artery; MCA) 
appear more dynamic to changes in PaCO2 than posterior cerebral arteries are (Skow et 
al., 2013, Bruce et al., 2016). Heterogeneity also exists cerebrovascular reactivity to 
hyper- and hypocapnia across basal intracranial and internal carotid arteries (Al-
Khazraji et al., 2018). For example, across 9 cerebral arteries there was greater 
reactivity during hypercapnia compared to hypocapnia, but individual vessels showed 
differential response to increases or decreases in PETCO2. 
 	Figure	2.2 Middle cerebral artery (MCA) diameter change across changes in end-tidal CO2 
(PETCO2). The percent discrepancy between velocity and total flow measures are illustrated in 
numerical values within each symbol (colour corresponding to the studies in the corner 
rectangle) Reproduced from (Hoiland et al., 2019) with permission; original by Ainslie and 
Hoiland (2014) and was modified by Hoiland et al. (2019). Copyright © 2019 American 
Physiological Society. 
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This cerebrovascular reactivity to changes in CO2 (CVRCO2) is often used in human 
experiments as an index of cerebral vasculature “responsiveness”. Moreover, CVRCO2 is 
thought to be an index of cerebral endothelial function.  As further discussed in Chapter 
Four, cerebral endothelial functioning is not directly measurable in humans. it is 
proposed that changes in PaCO2 are strongly correlated to changes in endothelial NO 
production (r = 0.99) (Fathi et al., 2011), whereby hypercapnia may increase endothelial 
NO production, thereby promoting vasodilation (Lavi et al., 2003).  Finally, there is 
accumulating evidence indicating that the cerebrovascular relaxation to hypercapnia is 
facilitated by vasodilator prostaglandins in both pigs (Wagerle and Degiulio, 1994) and 
humans (Kastrup et al., 1999) (discussed in Chapter 7, section 7.2 and 7.5.2). Therefore, 
the mechanism by which PaCO2 alters vascular tone is not fully elucidated in humans, 
but it is apparent the endothelium plays a prominent role.  
The CVRCO2 is calculated as the absolute or percent change in CBF per given change in 
PETCO2 (end-tidal pressures are frequently used as a reliable index of arterial pressures 
of CO2). The most common techniques to increase PETCO2 include rebreathing, breath 
holding, fixed inspired CO2, or dynamic end-tidal forcing. Conversely, hypocapnia is 
achieved by steady-state hyperventilation. The current thesis used a computerised end-
tidal CO2 forcing system, which is discussed in Chapter Three, section 3.2.1.1). In brief, 
the benefit of a forcing system is the dynamic approach to changes in inspired CO2, 
wherein the system adjusts with each breath, such that changes in ventilation during 
hypercapnia do not have a profound effect on the desired PETCO2. The benefits and 
limitations of the other methods are discussed within a comprehensive review by 
Hoiland et al. (2019).  
Both CBF and CVRCO2 are modulated acutely by exercise and chronically by fitness, age, 
sex, and chronic pathologies. For example, during steady state exercise CVRCO2 may be 
more reactive to hypercapnia than to hypocapnia (Ogoh et al., 2008b). Furthermore, 
resting CVRCO2 may be affected by aerobic fitness (Zhu et al., 2013, Murrell et al., 2013), 
as will be discussed in 2.1.2.3. However, these findings are inconclusive as hypercapnic	
reactivity (CVRHYPER) has been reported to increase (Murrell et al., 2013, Bailey et al., 
2013), remain constant (Zhu et al., 2013, Fluck et al., 2014) and decrease (Thomas et al., 
2013) with fitness. There is also debate about whether age modulates CVRCO2. At this 
time there remains mixed evidence supporting an increase or decrease in CVRCO2 in 
older adults (see review by Hoiland et al. (2019)). Please refer to 2.1.2.2 and Chapter 
7 
Seven for more detail.  
2.1.1.2 Influence of metabolic, neurogenic, and systemic factors on cerebral blood flow  
Cerebrovascular regulation is also affected by neurogenic, metabolic, and systemic 
factors. Autoregulatory:	Cerebral autoregulation (CA) is a mechanism that maintains 
stable CBF despite changes in arterial blood pressure, thus playing a dominant role in 
CBF homeostasis (Tzeng and Ainslie, 2014). Larger arteries in the brain play a 
significant role in providing relatively constant perfusion by altering vascular resistance 
and therefore protecting the microcirculation against surges in blood pressure (BP) and 
hypoperfusion. The classical model of autoregulation, wherein CBF is maintained across 
a wide range of mean arterial blood pressure (60-150 mm Hg), was based on steady-
state, between-subject data from patients with blood pressure disorders (Lassen, 1959). 
The current model of CA depicts a more pressure-passive relation between MAP and 
CBF in healthy individuals. This model poses that CA is not perfect, and it yields relative, 
not	absolute, flow buffering (Aaslid et al., 1989). For example, cerebral vascular 
resistance changes between 3 and 7 seconds (Willie et al., 2014), limiting the capabilities 
of CA to work within cardiac cycles – as was theorised by Lassen’s classical 
autoregulation curve. Furthermore, it appears that the directionality of the blood 
pressure change is important within the contemporary model; The term ‘hysteresis’ 
depicts the fact that the brain is more effective at compensating for transient 
hypertension than it is at compensating against hypotension(Numan et al., 2014).  
Autoregulation is measured with both spontaneous and forced BP oscillations. Static CA 
reflects cerebral perfusion change in response to steady state changes in blood pressure 
(Paulson et al., 1990) while dynamic CA reflects the rapid regulation of perfusion (~10-
30 s) in response to forced changes in arterial BP (i.e., sit-to-stand protocols)(Zhang et 
al., 2002). Importantly, hysteresis has been demonstrated in both static and dynamic BP 
oscillations (Brassard et al., 2017, Numan et al., 2014, Panerai et al., 2018).  
The mechanisms of CA are not entirely understood, particularly regarding the role of 
sympathetic and parasympathetic nerve activity (SNA; (Ainslie and Brassard, 2014)). 
While the brain is heavily innervated, it remains controversial if SNA has a tonic 
influence on CBF regulation (Brassard et al., 2017, Panerai et al., 2018), as discussed 
directly below.  
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Neurogenic: The autonomic nervous system can influence cerebral autoregulation via 
vascular tone. Human studies have shown that SNA has a modest influence on dynamic 
CA (Zhang et al., 2002, Hamner et al., 2010, Ogoh et al., 2008a) but Ainslie and Brassard 
(2014) report that the role of SNA on CA remains controversial. In brief, the role of 
neural activity in CBF regulation is debated due to the multifactorial mechanisms 
underlying cerebral autoregulation. For example, multiple redundant systems maintain 
homeostasis within the cerebral circulation. Prostaglandins and nitric oxide are 
examples of dilator factors that may counteract the constrictor effects of SNA 
(Vanhoutte and Miller, 1989, Sheng and Zhu, 2018). Second, there may be regional 
differences in the density of sympathetic innervation and rate of autoregulation (Sato et 
al., 2012). Third, many studies reporting animal data may not directly translate to 
human cerebral circulation (Sándor, 1999). However, there are some data to support the 
sympathetic (and parasympathetic) role in cerebrovascular autoregulation, such as 
sympathetic denervation causing increased CBF (Ter Laan et al., 2013). Furthermore, 
cerebral SNA increases with transient hypertension, and not hypotension, in sleeping 
lambs (Cassaglia et al., 2008a). Elevations in CBF have been reported following 
sympathetic ganglion blockade [as reviewed by (Ter Laan et al., 2013)], and an alpha-
adrenoreceptor blockade attenuated the dynamic CA response to low and moderate-
intensity cycling (Purkayastha et al., 2013). In fact, numerous studies have reported CBF 
to be modulated, at least in part, by SNA as determined with α-Adrenergic blockades 
[reviewed by Brassard et al. (2017)].  Lastly, Hamner et al. (2012) showed increased 
coherence between MAP and CBF following systemic cholinergic blockade, illustrating 
potential parasympathetic tone.  Therefore, the functional role of the sympathetic and 
parasympathetic nervous systems in the regulation of CBF needs to be further 
elucidated.   
Metabolic:	As the brain requires 20% of whole-body oxygen consumption at rest, the 
demand for adequate circulation of arterial oxygen is high. Cerebral metabolism is 
heavily reliant on sufficient delivery of oxygen to the surrounding tissue as the brain’s 
oxygen reserve is so low that ATP production almost immediately declines with a 
cessation of flow (Leithner and Royl, 2014). Therefore, cerebral hypoperfusion may be 
catastrophic for neural function. Neurovascular coupling (NVC) is in part responsible for 
maintaining these regional metabolic requirements within the brain (Ainslie and Smith, 
2011). The neurovascular unit is comprised of neurons, glial cells and cortical 
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penetrating arterioles. Local signalling between neurons and arterioles can produce 
regional vasodilation in response to systemic stimuli, such as hypoxemia (Liu and 
Alkayed, 2005, Willie et al., 2014, Yamaura et al., 2006).  
Systemic:	Systemic variations in blood pressure and, more directly, cardiac output (CO), 
assist in the regulation of CBF. Acute and chronic alterations in CO can influence CBF 
(summarised by (Meng et al., 2015)). For example, CO and CBF showed a positive, linear 
relation during rest and exercise while PaCO2 and blood pressure were kept constant 
(Ogoh et al., 2005). The mechanisms behind the influence of CO on CBF are likely in part 
via the SNS. Figure 2.3 illustrates the conceptual framework for the integrated 
regulation, and systemic role of CO, of CBF.   
 Figure	2.3 Conceptual framework of cerebral blood flow regulation by virtue of changes in 
cerebrovascular resistance determined by the diameter (R) of the resistance vessels. R is 
regulated by cardiac output (CO) via the sympathetic nerve activity (SNA) and renin-
angiotensin-aldosterone (RAA) system, arterial blood pressure (ABP) and cerebral perfusion 
pressure (CPP) via cerebral autoregulation, neurovascular coupling, and arterial pressures of 
carbon dioxides (CO2) and oxygen (O2). As evident in the figure, CO and the diameter of the 
cerebral resistance vessels during low, normal, or high CO determines the plateau of the 
autoregulation curve (this plateau region is likely smaller than depicted above – see Section 
2.1.1.2.). Reproduced from (Meng et al., 2015) with permission. Copyright © 2015, Wolters 




Physiological sex differences on cardiovascular and cerebrovascular outcomes have 
been identified the last couple decades. For example, women may have blunted 
cardiovascular adaptations to aerobic exercise training, compared to men (Howden et 
al., 2015), with plateaued cardiac remodelling and aerobic benefits (i.e., increased 
VO2MAX) occurring 6 months before the plateau in males. . In terms of cerebrovascular 
differences between sexes,  females show fluctuations in CBF resistance during different 
phases of menstrual cycle (Krejza et al., 2003), such that high oestrogen during the early 
follicular phase is linked to attenuated vascular resistance in the internal carotid artery. 
Dynamic CA, however, is minimally affected by the fluctuations in hormones across the 
menstrual cycle (Favre and Serrador, 2019). Females also have smaller cerebral (Müller 
et al., 1991, Shatri et al., 2017) and carotid arterial diameters (Krejza et al., 2006) and a 
higher rate of blood flow per unit weight of brain (Gur RC, 1982). Women have 
significantly better CA during repeated sit-to-stand manoeuvres (Favre and Serrador, 
2019), which indicates that women are able to maintain adequate cerebral perfusion in 
response to transient changes in BP more efficiently than men. However, Labrecque et 
al. (2019a) found that aerobically fit women (VO2peak: 48.1 ± 4.1 mL/min/kg) have 
attenuated dynamic CA during postural changes and transient hypotension, which may 
relate to their higher resting CBFv. Interestingly, the sex-difference in cerebral 
autoregulation may become more pronounced with age. For example, elderly women 
regulate CBFv better than age-matched men during postural change (Deegan et al., 2011, 
Deegan et al., 2009).Sex steroid hormones are one particularly important difference 
between sexes that directly affect the cerebral vasculature. Oestrogen, the primary 
female sex hormone, may drive the modulation of vascular function in women (and 
men) through various mediators such as the endothelium, inflammation, and insulin 
resistance (Baker et al., 2003). High oestrogen results in increased NO-related signalling 
(Florian et al., 2004, Hisamoto et al., 2001), decreased vascular tone (Ospina et al., 
2003)and increased CBF (Krause et al., 2006). For example, aromatase knockout mice, 
which do not produce oestrogen, show decreased cardiac function and heightened 
sensitivity to a beta-adrenoreceptor agonist and showed an up-regulation of multiple 
hypertrophic pathways (Haines et al., 2012).  Furthermore, pre-menopausal women 
have a less pronounced age-related decline in CBF compared to men, but this decline is 
accelerated after menopause, presumably because of a drop in ovarian hormones 
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(Matteis et al., 1998). Pre-menopausal women may also have higher CVRHYPER than their 
male counterparts (Kastrup et al., 1999, Kastrup et al., 1997, Matteis et al., 1998), 
regardless of menstrual phase (Peltonen et al., 2016). However, conflicting evidence has 
been found that shows no difference in CVRHYPER between women in their follicular 
phase and age-matched men (Peltonen et al., 2015b, Willie et al., 2012). 
 In contrast to oestrogen, endogenous testosterone, the primary male sex hormone, 
promotes muscle growth and is positively correlated with muscle mass (Vingren et al., 
2010). Androgens modulate both endothelial and vascular smooth muscle function in 
cerebral arteries [as reviewed by Gonzales (2013)]. However, testosterone, and other 
androgens, may have opposing effects on the cerebro-vasculature to those of oestrogen; 
i.e., it increases cerebrovascular tone (Krause et al., 2006).. Geary et al. (1998) showed
untreated male rats to have smaller MCA diameters than both female rats and male rats
on oestrogen-enhancement. In that study, oestrogen altered myogenic tone by
increasing production of cerebrovascular nitric oxide (NO; (Geary et al., 1998)). In
humans, genetic females taking high-dose androgen treatment exhibited impaired
vascular reactivity in the brachial artery (McCredie et al., 1998). Therefore, testosterone
may play a role in the sex differences of CVRHYPER due to its impact on myogenic tone.
2.1.2.2 Effect of age 
Cerebral blood flow declines with age (Droste et al., 1989). This loss accumulates to 5% 
of cerebral blood velocity (CBFv) every ten years (Grolimund and Seiler, 1988). More 
recent studies have demonstrated that the age-related decline as 28-50% between ages 
30 and 70 y (Ainslie et al., 2008, Heo et al., 2010). These numbers reflect a global 
decrease in cerebral perfusion, regardless of alterations in regional perfusion or oxygen 
consumption (Ogoh et al., 2014). However, recent findings have demonstrated that there 
is no difference between young and older adults when CBF is normalised to grey matter 
volume (Coverdale et al., 2017). Furthermore, healthy aging (<75 y) is associated with 
maintained dynamic CA [see review: (van Beek et al., 2008b)]. Some reported causes of 
age-related decreases in CBF are that elderly individuals have lower resting PETCO2 
(Bhogal et al., 2016), loss of vasodilating prostaglandins, and atrophy of grey matter - 
the vasculature of which is most reactive to CO2 compared to that of white matter 
(Bhogal et al., 2016). As a result of a longitudinal study (4 y) with 3011 participants (60 
± 8 y), brain atrophy appeared to be a likely cause of an age-related reduction in CBF, 
more-so than vice-versa (Zonneveld et al., 2015). This group used an adjusted linear 
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regression model to show that smaller brain volume at baseline was associated with a 
faster decrease in CBF over time. That being said, the data from Zonneveld et al. (2015) 
were applicable to individuals only over the age of 65 y, which is well after the reduction 
of CBF first appears (Grolimund and Seiler, 1988, Droste et al., 1989, Ainslie et al., 2008). 
Further, Barnes et al. (2012) reported that a loss of prostaglandin vasodilatory function 
(via cyclooxygenase inhibition) is the underlying cause of reduced CBF with aging. 
Therefore, the sequence and causation of age-related changes to CBF and brain atrophy 
is still unclear.  
Older adults may also have impaired CVRCO2 (Barnes et al., 2012), but this is contentious 
(Hoiland et al., 2019). For example, in a comprehensive review by Hoiland et al. (2019), 
only 12 out of 26 studies reported older adults having lower CVRCO2 than did young 
adults. This may come down to the differences in measurement of CVRCO2 (particularly 
when limited to only CBFv measures and not total flow), health status of participants, 
and/or sex proportions. It has also been contended that even if older adults have similar 
CVRCO2 to young, the mechanisms regulating perfusion change due to a diminished 
downstream dilatory response in older adults (i.e., more mean arterial pressure [MAP] 
dominance in older adults)(Coverdale et al., 2017). This may be true for healthy aging 
populations, but clinical populations with conditions common in older age, such as 
diabetes, dementia, and arterial fibrillation (Hoiland et al., 2019, Junejo et al., 2019a), 
have shown diminished CVRCO2. Moreover, Portegies et al. (2014) reported lower CVRCO2 
was associated with increased risk of mortality across 12 years in the Rotterdam Study, 
independent of cardiovascular risk factors. Therefore, age and disease may reduce 
endothelial dilatory responsiveness to changes in CO2 while age-itself may result in 
compensatory shifts in the mechanisms supporting blood flow regulation.   
2.1.2.3 Effect of fitness 
Bailey et al. (2013) showed a positive, linear relation between VO2max and CBFv in young 
and older adults. The additional finding of a positive and stronger relationship between 
VO2max and CVRCO2 show the benefits of fitness for not only the cardiovascular but also 
the cerebrovascular systems (Bailey et al., 2013). Other research supports the benefit of 
chronic exercise on cardiovascular and cerebrovascular functioning; For example, in 
Ainslie et al. (2008), regular aerobic fitness was associated with higher resting CBFv (9.1 
cm/s higher) in men aged 18-79 y (Figure 2.4), and Murrell et al. (2013) reported that 
12 weeks of aerobic training improved CVRCO2 by 0.3-0.6 cm/s/mm Hg. Brown et al. 
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(2010) also suggested that fitness may have a protective effect on cerebral and systemic 
vasculature, concluding that fitness is a strong contributor to cerebrovascular health. 
Fitness may benefit the regulation of CBF due to many factors, including angiogenesis 
and neurogenesis (Swain et al., 2003, Rhyu et al., 2010, Ding et al., 2005, Black et al., 
1990) and larger volumes of grey matter (Colcombe et al., 2006). Aerobic fitness may 
also be associated with a delayed onset of cerebral autoregulation (Labrecque et al., 
2019b, Lind-Holst et al., 2011) For example, Lind-Holst et al., (2011) showed that 
endurance athletes (VO2MAX: 69.4 ± 6.9 mL/min/kg) had greater decreases in, and 
slower recovery of both MAP and MCAvmean  after the release of resting leg ischemia than 
untrained, age-matched controls (VO2MAX: 42.4 ± 1.9 mL/min/kg). This data indicates 
that athletes may be more prone to transient cerebral hypoperfusion with declines in 
MAP. This is supported with evidence from Drapeau et al. (2019) showing that 6 weeks 
of high-intensity interval training in already-endurance trained men (VO2MAX: 56.0 ± 6.0 
mL/min/kg) attenuated dynamic CA. Endurance athletes experience structural 
remodelling in conduit and resistance arteries, including increased total cross-sectional 
area [see review; Green et al. (2012)]. Athletes also have low resting heart rates, likely 
attributed to increased cardiac parasympathetic activity (Coote and White, 2015). 
Together, low heart rate and decreased vascular tone would result in greater 
vasomotion required to combat changes in MAP.  
Fitness also appears to delay the age-related decline of CBF (Thomas et al., 2013, 
Querido and Sheel, 2007, Bailey et al., 2013). Chapman et al. (2013) examined the effect 
of a short-term physical activity intervention (three 60 min sessions per week for 12 
weeks) on fitness, CBF, and their immediate and delayed memory in sedentary older 
men. Twelve weeks of physical activity improved resting CBF, cognition, and fitness. 
This supports previous evidence of long-term fitness on cerebro- and cardiovascular 
health across the lifespan (Thomas et al., 2013, Rogers et al., 1990). Furthermore, fitness 
has been shown to fully mediate the age-related reduction in grey matter blood flow 
(Zimmerman et al., 2014), preserve blood flow to the brain’s default network (Thomas 
et al., 2013), and associate with improved cerebral haemodynamics across the lifespan 
(Bailey et al., 2013). For example, Tarumi et al. (2015) found middle-age athletes to have 
higher regional brain perfusion compared to age-matched sedentary participants. In 
contrast, Braz et al. (2017) more recently found no difference in CBFv between fit and 
unfit young or older adults. Therefore, heightened aerobic fitness appears to benefit 
14 
cerebrovascular health, particularly in an aging population with evidence in young 
adults currently unclear. 
Interestingly, there is some evidence to support that fitness may decrease CVRCO2, 
particularly across the lifespan. But this is debated.	For example, Thomas et al. (2013) 
used magnetic resonance imagining (MRI) to assess CVRHYPER in 7 brain regions of older 
adults classified as sedentary or Masters’ athletes. Although aerobic fitness associated 
with preserved baseline CBF, it also associated with lower CVRHYPER. This has more 
recently been supported by Intzandt et al. (2018), who also demonstrated with MRI that 
higher fitness was associated with lower CVRHYPER throughout the cerebral cortex. This 
contradicts previous reports that fitness positively and strongly correlated with 
CVRHYPER in older adults (Bailey et al., 2013, Barnes et al., 2013). Additionally, Murrell et 
al. (2013) found in a longitudinal but uncontrolled training study that CVRHYPER was 
increased after a 12 week exercise intervention in young and older adults. However, Zhu 
et al. (2013) found no difference in CVRHYPER between masters and sedentary older 
adults. Therefore, the effect of fitness on CVRCO2 remains unclear, and existing data 
pertain mainly to CVRHYPER.   
 	Figure	2.4	 Exercise trained individuals show an approximate 10-year protective effect on the 
decline in middle cerebral artery blood velocity (MCAv). Reproduced from (Ainslie et al., 2008) 
with permission. © 2008 The Author. Journal compilation © 2008 The Physiological Society.  
2.1.2.4 Effect of cognitive load 
As discussed above in section 2.1.1.2, NVC is responsible for increasing regional blood 
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flow where there is a higher neural demand (Muoio et al., 2014). Cognition increases 
demand for nutrient supply and is often met with increased perfusion (Phillips et al., 
2016). Existing literature reports CBFv in both anterior and posterior cerebral 
circulations to increase with a variety of cognitive tasks (such as visuospatial, language, 
memory, attention, and fluency), as reviewed by Stroobant and Vingerhoets (2000). 
However, the magnitude of response may depend on the cognitive task, age, sex, and 
handedness of the participant (Stroobant and Vingerhoets, 2000), and show varied 
reliability (Beishon et al., 2017). Furthermore, Phillips et al. (2014) reported that 
impaired NVC may mediate the reduced cognitive function in patients with high-level 
spinal cord injury. In this instance, spinal-cord injured patients had lowered BP at rest, 
which impaired NVC and cognitive performance. However, when the researchers 
increased BP using an α-agonist, NVC improved and was associated with improved 
cognitive function (r2 = 0.52).  
Specific types of cognitive tasks can elicit a lateralised (i.e., hemisphere specific) 
response of CBF. For example, creative processing of verbal cues and responses elicit 
greater left hemisphere activation (Vingerhoets and Stroobant, 1999a). On the other 
hand, tasks that involve spatial awareness and visuo-motor manipulation show higher 
activation in the right hemisphere (Vingerhoets and Stroobant, 1999a). Heo et al. (2010) 
reported a region-specific CBF-cognition relation, where hippocampal CBF correlated 
positively with performance on a spatial memory task in older adults.  
Neurovascular coupling is the basis of BOLD (blood-oxygen-level-dependent) functional 
MRI, where the BOLD signal reflects changes in deoxygenated haemoglobin driven by 
NVC (Hillman, 2014). Functional BOLD MRI has been used for decades in determining 
certain regions of the brain that are active during different cognitive tasks. For example, 
frontal and parietal brain regions are more haemodynamically active than other regions 
are during working memory tasks (Niendam et al., 2012). Thus, cognitive load increases 
regional perfusion in part by increased metabolic demand. It is plausible to think, then, 
that limited baseline perfusion would impair cognition. And, if so, increased perfusion 
may benefit cognitive performance. This will be discussed in section 2.2.2.5 and is the 
key consideration of the current thesis. However, it is also possible that oxygen 
extraction would increase in the face of lower perfusion and decreased oxygen delivery, 
thereby maintaining oxygen metabolism in the brain (Trangmar et al., 2014). Although 
this thesis is based on the increase in anterior circulation and the improved cognition 
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that occurs during moderate-intensity exercise, it is possible that cognition is reliant on 
more than just oxygen extraction. For example, higher circulating glucose 
concentrations enhance learning and memory processes in rodents and humans (Gold, 
1995). It follows that cerebral glucose metabolism is increased during exercise (Smith 
and Ainslie, 2017), although consistently in excess of neural demand (Rasmussen et al., 
2011). Cerebral lactate delivery may also be related to cognition during exercise 
(Hashimoto et al., 2017). However, the acute effects of cerebral lactate and glucose 
delivery, extraction, and metabolism on cognitive performance remain to be elucidated 
and are beyond the scope of this thesis.   
2.1.2.5 Effect of acute mental stress 
Cerebral blood flow increases during acute mental stress, and due not only to increased 
cognitive demand. Rather, the increase of cerebral perfusion during acute stress is 
driven largely by elevated MAP and heart rate (HR, and hence CO) (Brindle et al., 2018, 
Naqvi and Hyuhn, 2009, Wang et al., 2005), with little influence of PETCO2 (other than 
during hyperventilation-induced hypocapnia). The MAP response to acute mental stress 
may predict increased risk of stroke (Everson et al., 2001) and markers of 
cerebrovascular disease (Waldstein et al., 2004). The cardiovascular reactivity to acute 
mental stress is a function of both beta-adrenergic activity and vagal withdrawal 
(Brindle et al., 2014). Perceived stress during daily living is associated with increased 
predominance of sympathetic nervous activity (Sloan et al., 1994), and decreased 
baroreflex sensitivity (Fauvel et al., 2000, Iellamo et al., 1996). The effects of acute 
mental stress on the cerebro-vasculature is discussed in section 4.2 and 4.5. 
2.1.2.6 Effect of acute exercise on CBF  
During acute exercise, increases in neural activation, cardiovascular regulation, and 
metabolism are responsible for driving changes in cerebral perfusion pressure (Murrell, 
2011). These control systems are in place to maintain CBF and may respond 
differentially to changes in exercise modality and intensity.    
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 	Figure	2.5	 Cerebral hyperaemia in the middle cerebral artery (measured with TCD and duplex 
ultrasound) responses to light, moderate, and maximal exercise intensities. Summarised in 
(Tymko et al., 2018). Reproduced from (Tymko et al., 2018) with permission. Copyright © 2018, 
Springer-Verlag GmbH Germany, part of Springer Nature.   
2.1.2.6.1 Intensity  
During submaximal exercise, CBF is impacted by neurogenic, metabolic, systemic, and 
chemical (PaCO2) factors, which collectively result in a slight increase of global CBF. 
During exercise, anterior CBFv will increase with intensity until ~60% of VO2 MAX, 
thereafter declining toward resting values (Table 2.5; Fisher et al., 2008) This reduction 
in anterior CBFv during maximal-effort exercise is largely due to exercise-associated 
hyperventilation and increased systemic-contributions of noradrenaline (Trangmar et 
al., 2014). Hyperventilation reduces PaCO2 and consequently reduces  CBF (discussed 
below, section 2.1.2.6.4). Subudhi et al. (2011) demonstrated that CO2 inhalation during 
maximal-effort exercise abolished the drop in CBF, illustrating that PaCO2 is likely the 
strongest regulator of CBF during intense exercise. Figure 2.5 summarises the inverted-
U profile of anterior CBFv during light, moderate and maximal intensity exercise (Tymko 
et al., 2018).  Interestingly, this inverted-U profile of CBFv across exercise intensity is 
not present in the posterior cerebral circulation (Sato et al., 2011). This may be 
attributed to the nature of the Circle of Willis whereby the posterior circulation may 
compensate for the large fall in anterior circulation.  
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2.1.2.6.2 Modality 
Different modalities of exercise (such as swimming, cycling, and running) place different 
stressors on CBF regulation; these include posture, breathing, and hydrostatic pressure.  
Moreover, these stressors differentially impact the control of CBF via neural, systemic, 
metabolic, and chemical (PaCO2) factors.  
2.1.2.6.3 Posture 
When comparing swimming, cycling, and running, an obvious difference is the posture 
they are performed in. At rest, compared to supine and head-down postures, CBF 
declines by 6-20% during head-up tilt (Murrell et al., 2011, Heistad and Kontos, 1983, 
Bronzwaer et al., 2017). Variations in posture alter CA and total peripheral resistance to 
properly maintain CBF despite changes in MAP. For example, head-up tilt is 
characterised by a sharp decrease in total vascular resistance at 5 to 10 seconds, 
followed by a rapid rebound and overshoot. The stabilised haemodynamic response (≥ 
30 s) results in an increase of total vascular resistance of 30 to 40% (Smith et al., 1994). 
However, this small but significant decline in CBF remains despite adequate CBF 
regulation and could occur due to pronounced differences in PaCO2 and cerebral 
perfusion pressure (i.e., MAP – intracranial pressure) (Bronzwaer et al., 2017).Further 
information is provided within Chapter Six.   
2.1.2.6.4 Ventilation 
 Ventilation during constant-load submaximal exercise is characterised by three phases: 
1) an immediate increase at the onset of exercise; 2) a slow exponential rise; and 3) a
steady state by the ~3rd minute. These phases correspond to a neurogenic/anticipatory
response, known as central command,  from concurrent activation of motor and
cardiovascular centres within the brain (Goodwin et al., 1972) and secondary influences
from peripheral chemoreceptors in the carotid bodies and periphery sensory feedback
mechanisms within the muscle, joint, and local mechanoreceptors (McArdle et al., 2010).
Gas exchange kinetics of oxygen and CO2 follow a similar pattern to ventilation, with
PaCO2 increasing slightly (~3 mm Hg) and ventilation increasing parallel to metabolic
rate (Forster et al., 1986). On the other hand, heavy exercise above anaerobic threshold
presents a scenario where steady-state cannot be reached. Therefore, ventilation
continues to rise until exercise cessation or exhaustion. This increase can be more than
30-times resting levels, but cannot be maintained for long (McArdle et al., 2006).
Hyperventilation is, in part, caused by metabolic acidosis (increasing plasma acidity
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from contracting skeletal muscle) stimulating peripheral chemoreceptors and adding to 
the feed-forward, centrally driven ventilation. Hyperventilation therefore controls 
against metabolically-induced hypercapnia. This PaCO2 response to exercise is 
interpreted as an inverted-U, i.e., increasing during submaximal, but decreasing during 
maximal intensity exercise.  
Other perturbations to ventilation and PaCO2 can be seen between different modalities 
of exercise. For example, ventilation may differ between cycling and running at matched 
metabolic rates. Millet et al. (2009) reported ventilation to be blunted during cycling, 
which may, or may not, have an impact on CBF regulation. They did not, however, report 
respiratory gas exchange values in these circumstances. 
As blood flow is carefully coupled with metabolic activity, changes in anterior CBF 
during exercise are elicited largely by the changes in PaCO2, as mentioned above (section 
2.1.2.6.1). In fact, it has been shown that over 56% of the reduction in anterior CBFv can 
be attributed to the hyperventilation-induced fall in PETCO2 during maximal intensity 
exercise (Nybo and Nielsen, 2001). Figure 2.6B is an illustration of how PETCO2 (a 
reliable index of PaCO2, see Chapter 3 section 3.2.1.1) changes across relative exercise 
intensity.  
Figure	2.6	 Relative changes in middle cerebral artery blood velocity (MCAv, Figure A) and 
partial pressures of end-tidal carbon dioxide (PETCO2, Panel B) during incremental exercise 
intensity. Reproduced from Brugniaux et al. (2014) with permission. © 2008 The Author. 
Journal compilation © 2008 The Physiological Society.   
Figure 2.6A also illustrates how the pattern of change in PETCO2 is similar to that of 
anterior CBFv (i.e., MCAv) across exercise intensity, further demonstrating its important 
influence. However, it is important to note that exercise also increases BP, cerebral 
metabolism and shear-stress mediated vasodilation (albeit intensity-dependent) (Smith 
B 
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and Ainslie, 2017), which all may contribute to the exercise-induced rise in CBFv,  
Aside from the previously mentioned changes due to exercise intensity and ventilatory 
thresholds, changes in PaCO2 are also seen during water immersion. For example, water 
immersion is associated with an increase of PaCO2, potentially caused by changes in tidal 
volume from increased work of breathing (Carter et al., 2014). This change could also be 
potentiated by the diving	reflex	(face immersion reflex), which is a rapid, natural and 
automatic response to being immersed in cool water. This response occurs to conserve 
oxygen and increase blood supply to vital organs. Cold water on the face elicits apnoea, a 
decrease in HR (bradycardia), and increase in MAP (Gooden, 1994, Asmussen and 
Kristiansson, 1968) that occurs regardless of physical fitness (Stromme et al., 1970). 
However, studies have shown that participants exhibit maximal oxygen consumption in 
the sport in which they are predominantly trained, provided it utilises sufficient muscle 
mass. For example, highly trained swimmers have specific training adaptations, even 
when compared to triathletes, which allow them to maintain a higher VO2 during 
maximum effort swimming than during running (Roels et al., 2005).  
2.1.2.6.5 Hydrostatic Pressure 
As discussed in section 6.6, water immersion causes cardiac and ventilatory adjustments 
that may affect the cerebrovascular systems. The hydrostatic pressure from water 
immersion is partly responsible for the altered ventilation, by increasing the work of 
breathing (i.e., static lung load) (Moon et al., 2009). The combined effects of water 
immersion (central hypervolemia, increased work of breathing, CO2 retention etc.) also 
augment the central chemosensitivity to mild changes in CO2 driving increased 
ventilation (Sackett et al., 2018).  
This hydrostatic gradient that occurs during water immersion in upright posture also 
causes a centralised redistribution of blood volume (Pendergast et al., 2011). In 
accordance with the Frank-Starling mechanism, this would increase cardiac preload and 
stroke volume, and thus increase MAP (Carter et al., 2014). These cardiac-related 
factors, in combination with immersion-associated CO2 retention may be the cause of 
increased CBFv during water immersion (Carter et al., 2014, Pugh et al., 2014).  
Further, when exercising (upright, head out) for 20 minutes in water, relative to land-
based exercise of similar intensity, there is an augmented response in CBFv (Pugh et al., 
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2014). Pugh et al. (2014) observed a correlation between increases in both MAP and 
PaCO2, while controlling for VO2 and HR. Pugh et al. (2014) speculated that hydrostatic 
pressure increases total peripheral resistance, potentially due to transient changes in 
sympathetic activity rather than solely due to resistance to breathing while immersed in 
water. Therefore, water immersion can alter both cardiac and cerebral haemodynamics, 
mostly driven by hydrostatic pressure. It remains unknown how the combination of 
changes in posture and upper body (compared to lower body) exercise interact with 
hydrostatic gradients to effect cerebral haemodynamics.   
2.2 Cognitive functioning  
2.2.1 Neural connectivity during cognitive tasks 
The brain is composed of dynamic and negatively correlated functional neural networks 
(Fox et al., 2005). These networks are intrinsically competitive, showing activation 
during specific tasks or thought-processes (Kelly et al., 2008). One such network, the 
default mode network, is activated during rest and intrinsically motivated thought, while 
other networks, such as the dorsal attention network, become active during externally 
driven tasks.  
2.2.1.1 Default mode network  
Raichle et al. (2001) first suggested the existence of an organised, resting default mode 
of brain function (brain activation in positron emission tomography) that is suspended 
during specific goal-directed behaviours. The default network is now reported to be 
involved in autobiographical memory, prospection, theory of mind (Spreng et al., 2010), 
mind wandering (Christoff et al., 2009) and internally directed self-driven thought 
(Andrews-Hanna et al., 2014). Beaty et al. (2014) suggested that the ability to generate 
creative ideas is characterised by increased functional connectivity between the inferior 
prefrontal cortex and the default network. This supports the findings of Kühn et al. 
(2014) who used the Alternate Uses Task (common measure of creative thinking) to 
show a positive correlation between grey matter volume of the default network and 
creative performance, in young, healthy adults. This may be due to creativity involving 
divergent (free-flowing and creative), as opposed to convergent (logical and systematic), 
thinking patterns, whereby creative ideas are generated by exploring many possible 
solutions. A comprehensive review and meta-analysis by Mak et al. (2017) showed that 
functional connectivity within the default network is greater in females and positively 
22 
associated with cognitive function. Interestingly, the DMN shows an inverted-U response 
across the lifespan; such that the highest connectivity occurs in middle adulthood and 
the least occurs in children and the elderly (Mak et al., 2017). In a positive sense, 
cardiorespiratory fitness may protect against age-related reductions in functional 
connectivity of the default network (Voss et al., 2016).  
2.2.1.2 Attention networks and executive functioning  
The assumption that a single task activates a specific region of the brain is now 
questioned, and in some cases disregarded. The development of neural imagining 
technology has led to further scientific evidence of patterns in brain activation during 
cognitive and motor tasks. These patterns have formed networks similar to the default 
mode. For example, the “dorsal attention network” exhibits task-related activation (Fox 
et al., 2005) during externally-focused attention, such as with visuospatial and planning 
tasks (Spreng et al., 2010). Another network, the “central-executive network”, is 
involved with shifting between internally-and externally focused thought. Details about 
the localisations of these networks are beyond the scope of this thesis but described 
elsewhere (Collette et al., 2006). Regardless of the network, there is a clear 
understanding that executive function tasks (working memory, inhibition, and task 
switching (Miyake et al., 2000)) recruit various frontal and parietal regions (Collette et 




Data have emerged across approximately two decades regarding the differences in 
cognitive abilities and performance between sexes. Reviews support that regardless of 
age (De Frais, 2006), males perform better with spatial tasks, while females perform 
better at episodic memory and verbal fluency tasks, on average (Lewin et al., 2001). To 
explain this phenomenon, postulations of sex hormones moderating cognitive ability 
have arisen. For example, Verghese et al. (2000) used oestrogen-replacement therapy in 
surgically-menopausal women and found a positive, and long-lasting relation between 
verbal fluency and constructional tasks compared to matched controls. Similarly, 
hormone therapy in early post-menopausal women improves mental switching ability 
and engagement of the prefrontal cortex, a region of the brain associated with cognitive 
control(Girard et al., 2017). Regarding a younger group, females on hormonal 
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contraceptives (both progesterone and oestradiol) show better memory recall than non-
hormonal users, but this response is likely mediated by their increased emotional 
picture valence (i.e., heightened emotion looking at a picture mediated the improved 
memory recall) (Spalek et al., 2019). Furthermore, testosterone has been positively 
correlated with performance on a mental rotation task, such that moderately high levels 
of testosterone are associated with optimal performance (Neave et al., 1999). However, 
testosterone supplementation may lead to worsened cognitive performance for both 
long-term use (Bjørnebekk et al., 2019) and after a single dose (Nave et al., 2017). 
2.2.2.2 Effect of age  
Basic cognitive functions, such as executive functioning, decline with age (Li et al., 2001, 
Kramer et al., 2003, Colcombe and Kramer, 2003, Brown et al., 2010).  Salthouse (1991) 
investigated four main aspects of cognition (fluid intelligence, memory, speed, and 
vocabulary) from 261 individuals aged 18-85 y. Memory, fluid intelligence, and speed 
had significant negative associations with age (Figure 2.7). In contrast, vocabulary has a 
significant positive but curvilinear association with age, plateauing around 50 y. At an 
information processing level, older adults may have reduced attention availability, 
processing speed, and working memory capacity, which results in poorer cognitive 
performance in many generic settings (see review: (Salthouse, 2016)).  
 	Figure	2.7	 Relation between age and composite scores of four cognitive abilities. gF =fluid 
intelligence. Reproduced from (Salthouse, 2011) with permission. Copyright © 2003, American 
Psychological Association.  
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Many postulations exist regarding the mechanisms behind these age-related declines in 
cognition; varying between behavioural, neurobiological and information processing. 
Although information processing is most relevant to the current thesis, it is worth 
mentioning that there are data to support reduced neural connectivity with age. As 
mentioned in section Default mode network2.2.1.1, the functional connectivity within 
the default network is reduced with age, resulting in a heavier reliance on attention 
networks (Grady et al., 2010). Aging is also associated with increased risk of 
cardiovascular and cerebrovascular disease, vascular dysfunction, and Alzheimer’s 
disease. These diseases may interact with cerebrovascular functioning, perfusion 
pressures, and brain atrophy rates to result in a decline in cognitive functioning (section 
2.1.2.2).  
2.2.2.3 Effect of fitness 
Both physical activity and fitness are associated with enhanced executive function in 
young and older adults (summarised by (Kramer et al., 2006)). A recent observational 
study using data from the UK Biobank revealed that cardiorespiratory fitness was 
weakly but significantly associated with performance on a response time task in young 
adults (-0.17; p<0.001) (Yates et al., 2018). This is similar to the conclusions from a 
review by Guiney and Machado (2013), that enhanced fitness appears to benefit 
working memory and executive function in young adults. Furthermore, fit individuals, 
young and older, show a positive association to overall cognition (as assessed using a 
comprehensive neuropsychological test battery) at rest and during exercise (Brown et 
al., 2010). In contrast, unfit individuals show a negative association (Chang et al., 2012), 
including middle-aged women (Brown et al., 2010). Older adults may experience a more 
pronounced benefit of fitness (Stern et al., 2019), regardless of the type of training, sex, 
or age of the participants (Colcombe and Kramer, 2003). Bherer et al. (2019) reported 
that the change in cardiorespiratory fitness from a 3-month exercise intervention fully 
mediated the training-benefit on processing speed in adults older than 70 y.  
Research has also revealed that habitual physical activity may be distinct from aerobic 
fitness in regard to cognition. While fitness represents the interactive physiological 
attributes that enable the completion of a task, physical activity is the bodily activity 
undertaken to achieve a task. Although the two are closely related (DeFina et al., 2015), 
an increase in physical activity – with minimal physiological strain - does not necessarily 
result in increased fitness, health, or wellness. Fitness encapsulates overall physiological 
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power, genetic predispositions and environmental influences (DeFina et al., 2015). 
Physical activity is any movement causing increased energy expenditure, but it is the 
extent of physiological strain that ultimately leads to physiological adaptation and 
improved fitness. Therefore, the duration, intensity, and frequency are important 
considerations for relating physical activity to fitness (Kramer et al., 2006). Physical 
activity is often accompanied with social and intellectual interactions that may 
contribute to improved cognitive performance independent of fitness effects, 
particularly evident in later life (Karp et al., 2006, Kramer et al., 2006). Regardless, 
increased physical activity is positively related with cognition in young and older adults 
(Kramer et al., 2006, Gorelick et al., 2011), and may influence factors such as endothelial 
function, that modulate cerebral and hence cerebrovascular function or cognition but 
not necessarily fitness.  
One reasoning behind cognition improving during acute exercise, and more so with 
fitness, has been theorised as the hypofrontality	hypothesis (Dietrich, 2006),	which 
proposes that the performance of exercise and cognition involves a competitive demand 
of blood flow for neural and metabolic resources. Thus, individuals with lower fitness 
have a higher demand for these resources when exercising, leaving fewer resources 
available for cognitive performance. On the other hand, individuals with higher fitness 
may require less neural resources during exercise (due to higher familiarity and 
possibly also economy), resulting in more resources being available for cognitive 
performance.  
Exercise is associated with profound regional changes in motor, sensory and autonomic 
regions of the brain (Shoemaker et al., 2015). Interestingly, the medial prefrontal cortex 
has been shown to activate during prolonged submaximal intensity hand-grip exercise 
in humans (Liu et al., 2003), which is a region largely associated with executive function 
(Siddiqui et al., 2008). Changes in CBF and local cerebral glucose utilisation and 
metabolism (i.e., functional activity of neurons) have confirmed this pattern of neural 
activity in non-human primates (Vissing et al., 1996). The transient hypofrontality 
hypothesis (Dietrich, 2006) is based on the idea that the brain cannot sustain activation 
of all neural structures at once, therefore the activation of a given structure must come 
at the expense of others. This “needs-shift” has been reported during high intensity 
exercise (85% VO2MAX), where CBF and metabolism decrease in the prefrontal cortex 
(Vissing et al., 1996). Barnes (2015) proposes that there may be a modification of 
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vascular physiology with exercise training that leads to improved NVC, and thus 
cognition. This agrees with the findings reported in Cameron et al. (2015) that increased 
fitness was related to both improved inhibitory control and increased anterior frontal 
oxygenated haemoglobin (derived from near-infrared spectroscopy measures; NIRS). 
Cameron et al. (2015) also reported that higher anterior frontal oxygenated 
haemoglobin was associated with better mental switching performance. This indicates 
that cerebral oxygen availability may be enhanced with fitness, thereby providing acute 
benefit during acute bouts of exercise and supporting hypofrontality hypothesis.  
2.2.2.4 Ventilation 
Extremes of PaCO2 (i.e., <35 and >49 mm Hg) associate with cognitive impairment, 
although the causation is unresolved at least for hypocapnia. On the one hand, 
hypercapnia (57±2 mm Hg) significantly impairs multiple aspects of cognition, including 
response time performance (Fothergill et al., 1991). These data support findings from 
additional research on the adverse effects of hypercapnia on reasoning tasks (>50 mm 
Hg) (Sayers et al., 1987). These results could be explained by the suppressive effect of 
hypercapnia on brain activity despite increases in flow. Xu et al. (2011) found that	
hypercapnia (50±1 mm Hg) reduces cerebral metabolic activity by 13% in humans, and 
a study on adult monkeys showed hypercapnia to reduce spontaneous brain 
connectivity (Zappe et al., 2008).  
On the other hand, hypocapnia has also been associated with cognitive deficits but not 
shown to be causally linked. Marangoni and Hurford (1990) claimed a reduction in 
PaCO2 may lead to diminished academic performance; their data illustrating 
hypocapnia-induced impairment on free-recall performance tasks. More recent research 
by Karavidas et al. (2010) measured the PETCO2 of pilots during a spectrum of stressful 
flight simulations. Poorest performance was seen during periods of hypocapnia, 
theorised to be induced by stress. Often, this hypocapnia is caused by increases in 
ventilation to stressful scenarios. For example, respiratory psycho-physiology is the 
study of interactions between breathing, behaviour and overall cognition (Ley, 1999). 
Stress and panic attacks have been shown to induce hyperventilation, and therefore 
reduce PaCO2, as well as impair cognitive performance on choice response time, word 
association, coordination, balance, and intellectual function (see Wyke (1963)). 
However, the stress and hyperventilation themselves are potential distractions, so it 
remains unclear if changes in arterial or end-tidal CO2 are a cause	of impaired cognition.  
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As discussed above, too much or too little CO2 impairs cognitive performance. However, 
the effect of mild hypercapnia on cognition remains unresolved. Previous literature 
supports mild exposure to CO2 (such as 2-4%) as having no effect on cognition at rest 
(Weybrew, 1970, Vercruyssen and Kamon, 1984, Sheehy et al., 1982). In one such study, 
Vercruyssen et al. (2007) had participants breath room air, 3%, or 4% CO2 continuously 
while completing 2 subsequent moderate-intensity exercise bouts and cognitive testing. 
Multiplication performance improved after the first bout of exercise, but not the second, 
while inhaling 4% CO2 only. Therefore, Vercruyssen et al. (2007) were hesitant to claim 
a cognitive benefit of mild hypercapnia. These results have limitations on isolating the 
effect of CO2 inhalation. For example, no recording of PETCO2 or ventilation was 
reported, which leaves individual variations in hypercapnic ventilatory response as a 
probable confounding factor. Further, an indication of arterial gas pressures is especially 
important considering that the inhaled gas mixture contained 50% oxygen, and 
hyperoxia with hypercapnia has been shown to potentiate cognitive improvement with 
working memory (Gill et al., 2015).These studies also did not address the concurrent 
change in CBF during increases of arterial CO2.   
2.2.2.5 Cerebral blood flow 
The relation between resting CBF and cognition has been well established (Lucas et al., 
2012, Gur RC, 1982, Brown et al., 2010, Bertsch et al., 2009). For example, Lucas et al. 
(2012) found CBF to be strongly related to cognition (response time from an adapted 
Stroop task) at rest in 13 young and 9 older individuals. Leeuwis et al. (2018) used MRI 
to show that higher CBF was correlated with better executive function and attention 
performance in a group of 452 multi-ethnic older adults (71 ± 5 y). 	
Although chronic CBF (i.e., baseline) appears to be related to cognitive performance on a 
variety of tasks, limited research exists on how acute changes in CBF impact cognitive 
performance. Ogoh et al. (2014) used CO2 to isolate the effect of CBFv on elite athletes’ 
response time performance during prolonged exercise. They state that response time 
decreased toward the end of prolonged exercise (i.e., cycling for 50 min), regardless of 
CBFv. However, inspection of their results shows a possible (i.e., was not statistically 
tested) improvement in response time during the “control” exercise, which had raised 
CO2 levels of +4-6 mm Hg (also resulting in slightly raised CBFv). Some confounding 
factors need to be considered in their study: 1) CBFv was controlled without impacting 
HR, yet BP responses are not available; 2) the cohort was elite, male athletes, who likely 
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have better-than-average vasoreactivity; 3) CBFv was likely an underestimation due to 
unknown vessel diameter, with CO2 being the most potent vasodilator; and 4) cognitive 
tasks were delivered after 30 s of beginning CO2 inhalation, which may not be long 
enough to represent steady-state hypercapnia.  Therefore, it is possible that small 
increases in PETCO2 that occur during submaximal exercise may result in acute 
cognitive improvement.  
Acute changes in CBFv occur with heat and high altitude. Existing literature has used 
heat and altitude to investigate the association between changes in CBF and cognitive 
performance. Currently, the literature is equivocal on this relation. For example, 
hyperthermia has been found to decrease CBFv (Nelson et al., 2011) and either impair 
(Liu et al., 2013, Shibasaki et al., 2016, Sun et al., 2012) or improve (Schlader et al., 
2015) cognitive function. However, heat stress impacts the brain in many other ways 
(such as metabolic and acid-base balance) than solely decrease perfusion (Walter and 
Carraretto, 2016). High altitude and hypoxia increase global CBF (Ainslie and Subudhi, 
2014) without changes in global cerebral oxygen delivery or metabolism (Lawley et al., 
2017). This increased perfusion occurs simultaneous to cognitive impairment, 
particularly executive function, learning and memory (reviewed by Virués-Ortega et al. 
(2004) and McMorris et al. (2017)). Interestingly, this impairment may be the result of 
regional hypoperfusion (such as within the default mode network) (Lawley et al., 2017). 
However, similar to heat-stress, hypoxia impacts physiology beyond decreases in flow 
and is a complicated (and often unnatural) mechanism to assess the perfusion-cognition 
relation.  
2.2.3 Effect of acute exercise on cognition 
A relation between exercise and cognition has been observed for over 30 years, and 
exists in both young and older adults (Hogan et al., 2013). A meta-analysis (Chang et al., 
2012) of 79 studies reviewed cognition in the context of acute and chronic exercise. A 
single bout of exercise has a positive and small effect on cognition, particularly for 
working memory and mental switching, whether administered during (hedge’s g = 
0.101, interpreted as Cohen’s D), immediately after exercise (hegde’s g = 0.108), or after 
a delay of >10 min [hedge’s g = 0.103; supporting other reviews and meta-analyses; 
(Tomporowski, 2003, McMorris, 2009, Brisswalter et al., 2002)]. The most significant 
moderators of cognition during exercise were fitness level (such that higher fitness 
resulted in better cognitive performance) and duration of the exercise whereby the 
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largest effect was seen after 20 min of moderate exercise. However, most studies 
reporting a cognitive benefit after acute bouts of	exercise do not include a time-control. 
This is a concern as controlling against human boredom, motivation, and learning-
effects is difficult even	with a time-control.   
2.2.3.1 Modality and type  
The type of exercise has a significant effect on overall cognition (Chang et al., 2012). 
Anaerobic and resistance exercise may impair cognition (however, few studies [2] were 
reported in these categories), but a combination of aerobic and resistance exercise 
shows a large benefit to cognition, perhaps more so than aerobic activity in isolation. 
Similarly, a meta-analysis by Colcombe and Kramer (2003) indicated a greater degree of 
cognitive improvement over time, particularly in executive function tasks, for 
participants who had combined strength and aerobic training than each in isolation, 
albeit in older adults. Both high- and low-intensity exercise training appear to have an 
overall cognitive benefit. Netz (2019) also reviewed the literature on reported that both 
the intensity and complexity of exercise can independently or interactively enhance 
overall cognition, particularly in an older cohort. It is the increased metabolic demand 
from aerobic and strength exercise, and the increased neuromuscular demand from 
tasks involving flexibility, balance and coordination that improve neuroplasticity and 
cognition.  
2.2.3.2 Intensity 
A long-held contention has been that cognition shows an inverted-U response to 
exercise intensity (McMorris and Hale, 2012), whereby exercise has a peak positive 
effect on cognition, particularly response time tasks, during moderate exercise but 
declines as exercise intensity increases to maximal effort. This has been reported for 
both young and older adults (McMorris and Hale, 2012). However, a meta-analysis 
including 79 studies, by Chang et al. (2012) indicated that there is no significant effect of 
intensity on cognition during exercise. That said, a concurrent meta-analysis by 
McMorris and Hale (2012), of 44 studies of response time during different intensities of 
exercise, showed that processing speed does show an inverted-U effect to intensity. The 
differences between these findings likely lies in Chang’s interpretation of their own 
results. Chang et al.’s meta-analysis had many different moderators; thus, it is likely to 
be limited by third-order-causation, i.e., effect sizes of one moderator being influenced 
by another if they are not considered simultaneously. Therefore, in Chang et al.’s (2012) 
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analysis it is possible that intensity does affect cognition, particularly in regard to 
processing speed, but requires more detailed empirical or systematic review.  
2.3 Summary  
In summary, cognitive and CBF regulation are multifaceted and may be moderated by 
age, fitness, and sex. Moreover, the mechanisms mediating the cognitive benefit of 
exercise remain unclear. Although postulations of CBF correlating with improved 
cognitive performance exist, there are limited empirical data to infer a causal 









Cerebral blood flow measurements have advanced rapidly since the mid 1900’s. In 1945, 
Kety and Schmidt introduced one of the first methods to measure global CBF in awake 
humans (Tymko et al., 2018). The Kety-Schmidt method utilised the difference in 
arterial and venous NO concentration as a framework for calculating volumetric CBF. 
Using the Fick principle (i.e., the tissue [e.g., brain] uptake of a substance is equal to the 
product of the blood flow to that tissue and the arterial-venous gradient of the 
substance), participants would breathe a low concentration of NO for ten minutes and 
arterio-venous NO concentration curves would be utilised to calculate CBF (Kety and 
Schmidt, 1945). However, limitations were evident with this technique. It was 
cumbersome, expensive, invasive and required a steady-state response (i.e., could not be 
used to quantify dynamic CBF responses) (Tymko et al., 2018). Miyazaki and Kato 
(1965) introduced the possibility of measuring blood flow in the extracranial vessels 
with Doppler ultrasound. However, this method was limited due to the thickness of the 
skull and lack of possibility for measures of intracranial blood flow. Aaslid et al. (1982) 
introduced Transcranial Doppler Ultrasound (TCD) in 1982. TCD revolutionised 
research on CBF as it offered a non-invasive and inexpensive way of measuring dynamic 
responses in CBF velocity through the transtemporal bone window of the skull. This tool 
is now used extensively in hospital and research settings as a temporal tool to index 
changes in CBF.  
The TCD has one important limitation – it cannot (currently) measure vessel diameter. 
This is important when considering that total flow is calculated as the product of flow 
velocity (cm/s) and	the blood vessel luminal calibre, as determined by diameter or 
cross-sectional area (mm2). Moreover, flow velocity is determined largely by the cross-
sectional area of the blood vessel, where:  
Cross sectional area of blood vessel = π x radius4 
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Therefore, changes in cross sectional area are disproportionally dependent on changes 
in radius (i.e., flow is proportional to the fourth power of the radius). Unlike most 
arteries in the body, conduit cerebral conduit arteries can be considerably vasoactive 
(Evans, 2006), which invalidates the assumption that blood flow velocity changes are 
proportional to changes in flow. Large conduit vessels (such as the middle and posterior 
cerebral arteries) show increased flow velocity in response to dilation in smaller, 
downstream arteries. Therefore, when considering velocity as an index of flow, it is 
important to assume the stability of the insonated vessel calibre. 
Importantly, the results in each data Chapter in this thesis were interpreted with an 
understanding of the common assumption that an additional CO2 stimulus (i.e., 
hypercapnia) increases flow by dilation of downstream vessels without a meaningful 
change (increase) in MCA diameter. However, recent research supports that cerebral 
vessels show a heterogenous dilation in response to hypercapnia (Al-Khazraji et al., 
2018). As briefly discussed in Chapter Two (section 2.1.1.1.1) the MCA has been 
demonstrated to have a sigmoidal-type relation between changes in CO2 and MCA 
diameter (Ainslie and Hoiland, 2014). Several studies using imaging techniques of MRI 
and ultrasound demonstrate changes in diameter of the cerebral conduit vessels during 
hypo- and hypercapnia; most recently reviewed by Hoiland et al. (2019). For example, 
studies using higher resolution MRI (3 and 7 Tesla) report how measures of total flow 
using vessel diameter aligns with TCD measures of flow velocity. Both Coverdale et al. 
(2014) and Al-Khazraji et al. (2018) found that flow velocity was an underestimation of 
total flow during both hypo- and hypercapnia. This discrepancy between measures of 
flow and velocity during changes in PETCO2 can range from 4 (Verbree et al., 2014) to 
23% (Coverdale et al., 2014) during hypercapnia (7.5 to 10 mm Hg above baseline), and 
2 (Verbree et al., 2014) to 15% (Al-Khazraji et al., 2018) during hypocapnia (7.5 to - 10 
mm Hg below baseline).   
In addition to CO2-related vaso-activity, MAP and NO may also influence cerebral vessel 
calibre. For example, Giller et al. (1993) showed a 2.5% increase of the MCA diameter 
during a ~30 mm Hg increase in MAP. Furthermore, an exogenous NO donor (sodium 
nitroglycerin) induced MCA vasodilation, without changes in blood velocity (Schulz et 
al., 2018). 
Therefore, although larger cerebral vessels may dilate in response to changes in CO2, 
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MAP, or NO, the research demonstrates that TCD-measures of blood velocity 
underestimate true changes in flow. It is with this assumption and acknowledged 
limitation that the current thesis has progressed, given the wider utility, practicality, and 
accessibility of TCD to assess cerebrovascular response dynamics under common 
stressors. In this regard, specific implications are addressed within each data Chapter 
(Four to Seven).  
3.1.1.1 Principle of TCD sonography  
Within this thesis, the middle cerebral artery and the posterior cerebral artery (PCA) 
were insonated and measured on a beat-by-beat basis. The MCA provides ~80% of 
blood flow to its respective hemisphere (Lindegaard et al., 1987), thus is commonly used 
as an index of global CBF. The PCA can also be insonated to observe how the posterior 
brain responds to induced perturbations. We used a 2-MHz pulsed-Doppler ultrasound 
system (Multi-Dop® T2 system, DLW Doppler, Sterling VA, USA). Like other pulsed-
Doppler techniques, TCD emits sound waves that are echoed back with a Doppler 
frequency shift due to scattering by interference of moving erythrocytes (according to 
Raleigh Scattering). The frequency difference between the transmitted and received 
signal is used to calculate the velocity of the erythrocytes (Evans, 2006). Doppler (i.e., 
shifted) frequency (fd) is calculated as:  
where the difference in the transmitted (ft) and received frequencies (fr) are determined 
by the velocity of the target (v), the speed of the sound through the tissue (c), and the 
angle (θ) between the ultrasound beam and the direction of the erythrocytes (Evans, 
2006). However, for ultrasound energy to penetrate the skull it is necessary to have 
much lower emitted frequencies than required for soft tissue ultrasound. Lower 
frequencies allow insonation of deeper vessels (such as the MCA), but the lower 
frequencies also generate much less scattering and have poor spatial resolution (i.e., no 
indication of vessel diameter).  
Middle cerebral artery velocities (MCAv) are typically reported from the instantaneous 
maximum frequency envelope, as an average of the velocity over the cardiac cycle (i.e., 
MCAvmean; cm/s). The area under the CBFv waveform for each cardiac cycle was 
collected (measured in cm/s/s). This was then divided by the duration of each cardiac 
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cycle (in s) to get the mean value in cm/s. From this point forward, mean values of MCAv 
will be referred to as MCAvmean. The same process was used to calculate mean values of 
flow velocity in the PCA (PCAvmean).  
3.1.1.2 Technique of TCD sonography  
Best insonation of the MCA was just superior to the zygotic arch, between the ear and 
orbit. This transtemporal bone window offers an “acoustic window” in a skull generally 
too thick for ultrasound to penetrate (Evans, 2006). Prior to insonation, acoustic gel was 
applied to the probe and skin surface on the transtemporal bone window, allowing for 
improved signal conduction and quality. We controlled the spectrum depth, which 
allowed for a confident index of the insonated artery. For example, depths between 45 
and 60 mm indicated MCA (M1 segment), whereas deeper depths of 60 and 70 mm 
indicated posterior cerebral arteries (Bathala et al., 2013). Furthermore, audible sound 
signals acted as an aid for proper insonation as the MCA emits a higher-pitched sound 
compared to the PCA. In difficult cases or when in doubt, carotid compression was used 
to differentiate the middle cerebral artery from the posterior cerebral artery. Carotid 
compression is a quick test whereby flow profiles in the MCA will drop, whilst flow 
profiles in the PCA will increase (Aaslid et al., 1982). The probe was then secured in 
place with a headband device (Spencer Doppler, Sterling VA, USA) to maintain constant 
insonation angle and position ( Figure 3.1D).  
Because TCD is operator-dependent, multiple efforts were made to ensure reliable 
measures of MCAv; insonation was done by the same sonographer (LS), with relevant 
photographs of the first insonation (i.e., familiarisation session; Figure 3.1B and D), as 
well as a written report of depth, basal velocity, and power. These measures were then 
replicated as closely as possible in the following sessions.   
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 	Figure	3.1 (A) MRI image of the Circle of Willis. The right middle and posterior arteries are highlighted 
with a red arrow. (B) Multi-Dop® T2 system, DLW Doppler “M-Mode” display of both MCA and PCA 
velocities. (C) Schematic of the ultrasound insonation from TCD. (D) Participant with a typical probe 
placement for MCA insonation. The probe is secured in place using a modifiable headband.  
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3.1.2 Tissue Oxygenation Monitoring 
Oxygenation of the right prefrontal cortex was indexed using near-infrared spectroscopy 
(NIRS, NIRO-200; Hamamatsu Photonics KK; Hamamatsu, Japan). Near-infrared light 
penetrates the skull with light at several wavelengths in the spectral region of 700-1000 
nm (Figure 3.2). The tissue absorbance of this light (i.e., Beer-Lambert Law) allows for 
the determination of the concentration changes of oxygenated haemoglobin (HbO2), 
deoxygenated haemoglobin (HHb) and total haemoglobin (tHb), and depth-resolved 
measures of tissue oxygenation (total oxygenation index, TOI) (Singh, 2016). The TOI is 
derived from the proportion of HbO2 relative to tHb, and is an easily accessible measure 
of the balance between cerebral oxygen delivery and utilisation (Tisdall et al., 2009). 
This technique has been validated in adult humans and has a strong correlation to BOLD 
MRI changes (Strangman et al., 2002, Davies et al., 2016), while not being confounded by 
skin blood flow (Villringer et al., 1993). These measures, including TOI, are sensitive to 
changes in cerebral perfusion, MAP, and PETCO2 (Tisdall et al., 2009).  
The optode, with the emission and detection probes 4 cm apart, was placed on the 
participant’s forehead, 2 cm above the right eyebrow, in a dense plastic holder and 
secured using opaque tape to minimise contamination by extraneous light (Figure 3.3).  
Tissue oxygenation measures with NIRS have limitations. The results are often highly 
variable between (and occasionally within) participants, and there is potential for skin 
blood flow contamination, which may differ between devices(Davie and Grocott, 2012). 
Skin blood flow contamination may lead to an overestimation of oxygenated-
haemoglobin and an underestimation of de-oxygenated-haemoglobin (Caldwell et al., 
2016).  Therefore, we took precautions with placement and data interpretation for NIRS, 
along with controlling room temperature to rule out differences in ambient temperature 
on skin blood flow. NIRS was only reported as a secondary outcome for Chapters Four, 





	Figure	3.2 Schematic of how near infrared spectroscopy works on the forehead. Emitter and 
detector optodes are placed 4 cm apart. The emitter passes infrared light through the scalp, 
bone, and tissue to be captured by the detectors. Because the brain blood flow is 70% veins and 
25% arteries, NIRS gives a venous-weighted index of tissue oxygenation beneath the optodes. 
Reproduced from (Bae, 2015) with permission. Copyright © 2015, Springer International 
Publishing Switzerland.   
  
  




Finger photoplethysmography provides a measure of beat-to-beat blood pressure in a 
digital artery. The Finometer (Finometer® PRO, FMS, Finapres Medical Systems BV, The 
Netherlands) uses the volume-clamp method first described by Jan Penaz in 1973 
(Penaz, 1973) to detect arterial pressure in the finger.   
Figure	3.4	 Example of Finometer cuff wrapped around the middle phalanx of a participant. 
A small cuff wrapped around the middle phalanx (Figure 3.4) contains an inflatable air 
bladder, a light source and a light detector. The diameter of a finger artery under the cuff 
is clamped at a “set point”, regardless of changes in intra-arterial blood pressure during 
each heart beat (Bogert and van Lieshout, 2005). An infrared photo-plethysmograph 
detects changes in diameter, and the cuff pressure immediately reacts to maintain 
diameter “set-point”. For example, if the arterial diameter is increased during systole 
then the cuff will detect the increase and inflate immediately to counteract it and so 
prevent the diameter change. Ideally, finger cuff pressure is maintained to match intra-
arterial pressure and keep the arterial walls “unloaded” (i.e., an unstressed diameter). 
However, a change in stress or smooth muscle tone can affect this unloaded diameter. 
Therefore, the cuff pressure is not held constant and needs to be verified throughout the 
protocol (Bogert and van Lieshout, 2005). To remedy this problem, a proprietary 
calibration algorithm (Physiocal) periodically (~every 1 minute) defines and maintains 
the diameter at which the finger artery is clamped (Wesseling, 1995). This is successful 
via analysing the plethysmogram during steady pressure levels and tracking of the 
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unloaded arterial diameter despite changes in smooth muscle tone. Physiocal was 
implemented routinely during all experimental protocols in this thesis.  
A reduction in flow toward the hand is caused by pressure gradients across the 
vasculature and narrowing of arteries. This, in turn, reduces mean and systolic finger 
arterial pressure compared to its intra-brachial counterparts (WESSELING et al., 1985, 
Imholz et al., 1990). The pulsations are also delayed by tens of milliseconds compared to 
intrabrachial ones, due to a greater distance from the heart. The change in pressure 
gradients and the farther travelling distance lead to a more distorted and lower level 
waveform within the finger. Generally, this distortion is explained by a “forward (i.e., 
brachial to finger)” transfer function (see Figure 3.5, top panel). However, the Finometer 
is built to reconstruct the brachial pressure waveform by applying a general inverse 
anti-resonance model waveform filter (Gizdulich et al., 1997, Bogert and van Lieshout, 
2005) and a regression-based level correction equation (Gizdulich et al., 1997). This 
means that the forward distortion is corrected using a reverse	(i.e., finger to brachial) 
filter (see Figure 3.5, middle panel). The differences in pulse pressure levels between 
brachial and finger are then corrected using the regression model for the diastolic 
differences on inverse-modelled systolic and diastolic pressures (Gizdulich et al., 1997). 
This reconstructed finger pulse pressure waveform is comparable to brachial 
waveforms.   
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Figure	3.5	 Demonstration of inverse modelling (middle panel) and level correcting (bottom panel) on 
the original finger (thick line) and intra-brachial (thin line) Reproduced from (Gizdulich et al., 1997) with 
permission. Copyright © 1997, Oxford University Press.   
For example, pressure change profiles were comparable between intra-arterial brachial 
reference measures during head-up tilt (Jellema et al., 1996), Valsalva manoeuvre, hand-
grip, cold pressor, lower-body negative pressure, and passive leg raising tests (Parati et 
al., 1989). This similarity remains in healthy (Parati et al., 1989), elderly (Rongen et al., 
1995), and hypertensive individuals (Immholz et al., 1988). Furthermore, Lavinio et al. 
(2007) demonstrated no significant amplification or dampening of the arterial 
waveform between intra-brachial and non-invasive finger pressures. They went on to 
show that non-invasive measures of static cerebral autoregulation (i.e., finger 
plethysmograph and TCD; discussed below in section 3.1.5.4) are highly correlated with 
invasive measures (i.e., cerebral perfusion pressures). However, Finapres may 
overestimate systolic (but not MAP) values by at least 10-15 mm Hg during moderate 
intensity exercise, compared to conventional brachial oscillatory pressures (McAuley et 
al., 1997) and intra-brachial cannulation (Silke et al., 1994). 
To ensure accuracy, all continuous BP measurements were calibrated against manual 
brachial BPs using LabChart 7 software (version 7, ADInstruments, Dunedin, NZ).. For 
instance, average manual systolic and diastolic pressures were used to calibrate the 
peak systolic and end-diastolic moments of the steady-state voltage waveform 
(maximum and minimum values, respectively) within LabChart. This process was 
completed for each condition within the experimental protocol. After visual inspection 
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of waveforms for noise and artefact, MAP was then calculated as an integrative mean 
derived from the area under each blood pressure waveform. Each data Chapter specifies 
the amount of time used for data analysis, ranging from 30 to 60 s. Manual BPs were also 
taken during exercise to ensure the accuracy of data reported. 
3.1.3.2 Modelflow estimation of stroke volume and cardiac output  
Within Finometer devices, the Modelflow method is used frequently for continuous 
estimation of cardiac stroke volume. The Modelflow method uses sex-, body mass- and 
age-specific aortic properties, along with arterial blood pressure waveforms, to estimate 
aortic flow on a beat-to-beat basis via proprietary algorithms. These computations are 
based on the three-element Windkessel model, each representing pressure-dependent 
and time-varying properties of the arterial and aortic system; 1) aortic characteristic 
impedance, 2) arterial buffer compliance, and 3) total peripheral vascular resistance 
(Wesseling et al., 1993).  
More direct measures, such as direct Fick, thermodilution, or Doppler ultrasound, allow 
for the accurate and absolute measurement of stroke volume. However, these measures 
are either more time-consuming, invasive, or discontinuous.  Thus, Modelflow is an 
attractive method for indirectly estimating changes	in stroke volume, as it is comparable 
to thermodilution and Doppler ultrasound (Matsukawa et al., 2004, Sugawara et al., 
2003) and can provide measures for each cardiac cycle. Modelflow has previously been 
validated against more direct methods in both rest and steady-state cycling exercise 
(Faisal et al., 2009, Wesseling et al., 1993, Sugawara et al., 2003). Although there is a lack 
of evidence validating the Finapres while running or walking on a treadmill, most 
concerns of validity are seen during excessive body movement(MacDonald et al., 1999). 
Therefore, participants throughout this thesis were encouraged to keep their hand still 
(in some cases a sling was used) and an exercise with minimal movements was chosen 
(i.e., fast walking instead of running).  
3.1.4 Electrocardiogram 
Heart rate and rhythm were measured continuously using a standard 3-lead (I, II, III) 
electrocardiogram (ECG; ADInstruments, Colorado Springs, CO, USA). Three adhesive 
electrodes were placed and connected in Lead II configuration; positive and negative 
were placed on the left clavicle and lower torso and the earth was placed on the right 
clavicle. This configuration forms “Einthoven’s Triangle” (Figure 3.6) and offers a large R 
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wave, which is beneficial for proper software detection of R-R periods (used for HR 
calculations). The quality of ECG signal was verified and visualised within LabChart 7 
using commercial hardware (Bioamp, ADInstruments, Dunedin, NZ). The Labchart 
software calculated HR as follows:  
HR = 60/ R-R Interval. 
Figure	3.6	 Schematic of Einthoven’s Law and Equilateral Triangle where standard limb leads 
are considered electrically equilateral; Lead II’s complex is equal to the sum of the 
corresponding complexes in Leads I and III. (i.e., II= I + III).  
3.1.5 Integrative calculated cerebrovascular variables  
The following calculations are reliant on the measurement of cerebral blood flow 
(herein via TCD) and MAP (herein via finger photo-plethysmography). 
3.1.5.1 Calculation of cerebrovascular reactivity  
Cerebrovascular reactivity (CVRCO2) represents the change in CBFv relative to the 
change in PaCO2 as indexed from PETCO2: 
CVRCO2=∆MCAvmean/∆PETCO2 (units: cm/s/mm Hg CO2) 
 This thesis (Chapters Four to Seven) used a custom-built, feedback-controlled PETCO2 
clamping system that allowed for multiple levels of hypercapnia (e.g., +5 and +10 mm Hg 
from normocapnia). Thus, linear regression (i.e., slope) analysis was used as it allowed 
for hypercapnic reactivity to be assessed for MCAvmean (i.e., CVRCO2) as a response to a 
change in PETCO2 for each subject. This applies to both increases in PETCO2 (i.e., 
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hypercapnia; CVRHYPER) and decreases (i.e., hypocapnia; CVRHYPO). Individual slopes 
were checked for linearity using visual inspection by LS and verified by JC or LW. In 
cases where linearity was not evident due to MCAvmean reaching saturation threshold 
with hypercapnia; we calculated the slope from the two points below threshold. To 
avoid systematic bias, this procedure was then carried within participant, across 
conditions for direct comparisons.  
3.1.5.2 Calculation of cerebrovascular conductance  
Cerebrovascular conductance (CVC; cm/s/mm Hg) is the ratio of cerebral blood flow to 
perfusion pressure (indexed by MAP), calculated as:  
CVC = CBFv mean/MAP. 
In relevant cases, CVC reactivity to hypercapnia (CVCHYPER) was also analysed (see 
3.1.5.1).  
3.1.5.3 Assessment of neurovascular coupling  
The NVC is a necessary mechanism to ensure the brain receives adequate blood supply. 
Physically, there is a close connection between neurons, astrocytes, and the vascular 
smooth muscle. Functional hyperaemia refers to a focal increase in blood flow owing to 
an increase in metabolic activity in that region. While astrocytes are believed to mediate 
this response, their role and capacity are largely unknown. Current research supports 
that vasoactive metabolites are released onto blood vessels from astrocytic end feet in 
response to an influx of calcium from neighbouring neurons (MacVicar and Newman, 
2015). However, astrocytes may not be necessary for functional hyperaemia to occur 
(Rosenegger and Gordon, 2015).  
Measuring NVC in humans is possible using TCD and NIRS. The TCD was first used to 
measure NVC in 1987, when Aaslid discovered an increase in the PCA with visual 
stimulation (Aaslid, 1987). Since then, the increased cerebral perfusion has been 
demonstrated with verbal (Vingerhoets and Stroobant, 1999b), motor (Moody et al., 
2005), and cognitive (Silvestrini et al., 1994) tasks. 
An indirect measure of NVC is obtained by quantifying the relative changes in flow 
velocity between the anterior (MCA) and posterior (PCA) brain whilst the occipital lobe 
(posterior brain) is selectively activated (Junejo et al., 2019b), and was the method used 
in this thesis. Participants completed 5 min cycles of 30 s eyes shut and 30 s eyes open to 
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a bright visual stimulus (changing black and white checkerboard) (Phillips et al., 2016). 
Mean flow velocity values were averaged for each vessel during 5-25 s of each “eyes 
shut” cycle, and the first 20s of each “eyes open” cycle. The average difference between 
eyes closed and eyes open was then calculated across all cycles within the 5 min block.  
3.1.5.4 Assessment of cerebral autoregulation 
The CA is a phenomenon whereby CBFv is maintained over a range of perfusion 
pressures. Although it is possible to quantify CA without inducing changes in BP, 
repeated sit-to-stands induce periodic oscillations in BP, whereby CBFv will follow. This 
dynamic approach provides information on the ability of the cerebral arterioles to 
respond rapidly to changes in BP.  
The relation between CBFv and MAP is dynamic and shows the characteristics of a high-
pass filter (Claassen et al., 2016). Perfusion pressure oscillates faster (>0.20 Hz) than 
cerebral arterioles can adapt, thereby causing unimpeded oscillations in CBFv. However, 
cerebral arterioles are able to dampen the slower frequency oscillations (<0.05 Hz). 
With this understanding, dynamic transfer function analysis (TFA) was used to estimate 
the relation between changes in MAP and CBFv, and how BP oscillations may transfer to 
CBFv. The TFA estimates the extent to which an input signal (in this case, MAP) is 
influencing the output signal (CBFv), with a regulator in-between (CA) (van Beek et al., 
2008a), represented in the frequency domain. Parameters of coherence, gain, and phase 
were used to quantify CA (Figure 3.7) with the frequency region of 0.05 Hz (i.e., 20 s sit-
stand cycle period). This paradigm, which involves forced BP oscillations, was used to 
augment the signal-to-noise ratio within the TFA analysis. This methodology, compared 
to spontaneous BP oscillations, has previously been shown to enhance the 
reproducibility and interpretability of the findings (Smirl et al., 2015, Simpson and 





Figure	3.7	 Graphical explanation of Transfer Function Analysis using two waveforms with the 
same period (T). (W1) Waveform 1 is the input, represented by the solid line. (W2) Waveform 2 
is the output, represented by the dashed line. Frequency (Hz) is determined as 1/T. Gain is the 
difference in amplitude between W1 and W2. Phase Shift is the time delay between W1 and W2. 
Reproduced from (van Beek et al., 2008a) with permission. Copyright © 2008, © SAGE 
Publications.  
Gain represents the magnitude of change in CBFv associated with a change in BP as a 
function of frequency. In other words, gain gives an indication of the regulator’s 
effectiveness (i.e., CA). The higher the gain, the greater influence of a change in the input 
(BP) reflected in the output (CBFv), and the lower effectiveness of CA. Therefore, low 
gain represents efficient regulation and is reported in absolute units (cm/s/mm Hg) 
(Claassen et al., 2016)   
Phase shift represents the time relation between the input (BP) and output (CBFv) 
signals within a period. The phase shift is expressed in radians, (π), ranging from no 
phase shift (0 π) to a phase shift of one full period (2 π). These radians can be 
considered an index of the time delay for the CA process. Thus, 0 π means no time delay 
between the oscillations of BP and CBFv (van Beek et al., 2008a).  
Lastly, coherence represents the strength of the association between the input (BP) and 
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output (CBFv) as a function of frequency. The squared coherence function varies 
between 0 and 1 and is similar to the coefficient of determination in that values 
approximating zero may indicate a nonlinear relationship, severe extraneous noise in 
the signals, or no association between signals. A coherence value approaching 1 reflects 
a strong influence of input on output. Because a low coherence may reflect excessive 
noise in the signal (Marmarelis, 1988), it was recommended that coherence be >0.5 Hz 
to provide reliable estimates of phase and gain (Diehl et al., 1998, Zhang et al., 1998), but 
this is currently debated (Claassen et al., 2016).The current (Chapter 7) dynamic CA 
protocol was chosen, in part, due to the prospect of high coherence because of the 
imposed (i.e., sit to stands) oscillations on input values (BP). 
Transfer function analysis for pressure-flow relations was computed using the 
commercially available software, Ensemble (version 1.0.0.14, Elucimed Ltd, Wellington, 
NZ). Ensemble uses the R-R interval from the ECG signal to obtain precise beat-to-beat 
BP and CBFv (MCAv) signals. These signals were spline interpolated and re-sampled at 4 
Hz for spectral analysis and TFA based on the Welch algorithm. Recordings were sub-
divided into overlapping (50%) windows which were then linearly detrended and 
passed through a Hanning window prior to fast Fourier transform analysis. The fast 
Fourier transformation deconstructs the time domain representation of a signal into its 
frequency domain representation, allowing for analysis of the varying frequency sine 
waves. However, this transformation assumes each signal is an integer and continuous. 
Heisenberg’s uncertainty principle states that one cannot know the precision (i.e., 
integral value) of both time and frequency domains. Thus, passing the signal through a 
Hanning window allows for the reduction of the signal’s amplitude at both the beginning 
and the end of the window, thereby correcting the distortions caused by a discontinuous 
signal (Lyon, 2009). 
The cross-spectrum between the two signals (BP and MCAv) was divided by the auto 
spectrum of the input signal (BP) to derive transfer function values of coherence, 
absolute gain, normalised gain, and phase. These values were sampled at the point 
estimate of the driven frequency (0.05 Hz). All coherence values included in analysis 
were above the statistically calculated threshold (0.63). The Ensemble algorithms for 






The crux of our hypercapnic data relies on the valid measurement and control of end-
tidal CO2, as an index of arterial CO2. However, end-tidal pressures may be an 
overestimation of arterial pressures during dynamic end-tidal forcing, particularly 
during hypercapnia (Figure 3.8))(Peebles et al., 2007).   
	Figure	3.8	 Linear regression of the partial pressure of end-tidal carbon dioxide (PETCO2) 
against the partial pressure of arterial carbon dioxide (PaCO2). Dotted lines represent 95% 
confidence intervals. Reproduced from (Peebles et al., 2007) with permission. © 2007 The 
Journal of Physiology.
In these studies, we aimed to control a range of PETCO2 values, from hypocapnia (<24 
mm Hg) to hypercapnia (>45 mm Hg during exercise and at rest). Thus, it was 
imperative to use a reliable system that quickly changes and maintains end-tidal gas 
pressures, regardless of changes in ventilatory (breathing frequency, tidal volume) or 
metabolic factors.  
Our custom-built clamping system (C.E.T. Gas Clamp, School of Physical Education, Sport 
and Exercise Sciences, University of Otago, Dunedin, NZ) consists of oxygen and carbon 
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dioxide analysers (Model CD-3A Carbon Dioxide Analyser, AEI Technologies, Bastrop, 
Texas, USA and ML206 Gas Analyser, ADInstruments, Dunedin, NZ) that monitor the 
fractional concentrations of inspiratory and expiratory CO2 and O2 gathered from a 
sampling line attached to a leak-free respiratory mask (Hans-Rudolf 8980, Kansas City, 
MO, USA). Samples are gathered at a rate (airflow) of approximately 300 mL per minute, 
with a known delay of ~1200 ms. Gas pressures are then converted to BTPS (body 
temperature and pressure saturated) conditions online (LabChart, AD Instruments, 
Dunedin, NZ). Expiratory volumes and flow are transduced using a turbine (CPET, 
Cosmed, Italy), whereas inspiratory volumes are calculated using the Haldane 
transformation. This breath-by-breath gas exchange data analysis is commonly used in 
VO2max tests, such as the ones in our familiarisation periods, and described within each 
data Chapter. In all experimental sessions we used this customised clamping system, 
whereas fitness testing used the Cosmed (CPET, Cosmed, Italy) gas analysis systems. 
The clamping system works by reading expired CO2 gas fractions (end-tidal) and 
dynamically calculating, and then controlling, the percentage of inspired CO2. The 
pressurised CO2 is released from a gas cylinder (of dry 100% CO2) via a low-pressure 
valve opening into a small (5 L) mixing chamber of room air. The mixing chamber is 
closed with a one-way valve so that air and CO2, can enter en route to the inspiratory 
tubing. Participants were set up to breathe solely from this mixing chamber. Thus, the 
fraction of inspired CO2 is regulated, regardless of breathing frequency or tidal volume.  
The system records the inspiratory content of CO2 leaving the box, as well as the 
expiratory content of CO2, with end-tidal values recorded for each breath. Because this is 
a dynamic system, there is a slight delay (1.3 s) between reading end-tidal values and 
setting the appropriate percentage of inspired CO2. However, this does not affect the rate 
of clamping, as the system requires less than 2 min to reach that targeted steady state. 
No supplementary control of O2 was required as PETO2 did not drop below 100 mm Hg 
during any hypercapnic condition. Throughout this thesis, accurate control of PETCO2 
during hypercapnia, and despite verbal responses, reached target levels within 2 min 
and within ±2 mm Hg from the targeted amount.  
All data were sampled continuously using an analogue-to-digital converter (Powerlab 
/16SP ML795; ADInstruments) and stored for later analysis on Labchart software 




Cognitive function is an umbrella term that covers multiple processes and categories of 
cognition.  Executive functioning is one such category, that is often measured using 
choice response time tasks. Importantly, executive function is the process most often 
reported to improve during or after acute, moderate-intensity exercise (Etnier et al., 
1997, Tomporowski, 2003), particularly when the exercise lasts for a minimum of 20 
min (Chang et al., 2012).  
The Pro, Anti, Pro/Anti battery is a response time task that measures response time and 
accuracy. In this cognitive battery, participants are expected to respond as quickly and 
accurately as possible to a green or red stimulus (square) on a black screen. This battery 
takes ~2 min and contains three distinct types of tasks representing different domains 
of cognitive control within the executive function realm: (1) the Pro tasks assesses basic 
visuomotor performance; (2) the Anti task assesses inhibitory control; and (3) the 
Pro/Anti task assesses mental switching. In the Pro task trials, the stimulus is always 
green, indicating the response to be made on the same side as the stimulus. In Anti the 
stimulus is always red, indicating responses need to be made on the opposite side as the 
stimulus. Pro/Anti is composed of a randomised sequence of green and red stimuli, 
where the participant must respond appropriately to each Pro or Anti command. In this 
thesis, Pro and Anti tasks consisted of 20 stimuli appearances, whereas Pro/Anti 
consisted of 40. Appearances were randomised and counter-balanced between left and 
right. Furthermore, between every appearance there was a fixation screen (black 
background with a centred, small, white square) that occurred for a randomised time 
between 400 and 1200 ms.  
Participants stood or sat approximately 57 cm away from the monitor, adjusted to the 
appropriate height (i.e., eye-level). A keyboard was secured around elbow height, where 
the “Z” and “/” keys were solely available for responses (Figure 3.9).   
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	Figure	3.9 Schematic of Pro and Anti cognitive tasks. Participants were instructed to respond to 
a stimulus by pressing the corresponding button. The goal is to be as fast as possible without 
sacrificing accuracy.   
Participants were instructed to press the corresponding button as quickly as possible, 
without sacrificing accuracy. To eliminate any sessions or conditions being more 
difficult than others, Pro, Anti, and Pro/Anti tasks were identical between and within 
participants, i.e., a set trial sequence was used for each of the three tasks during each 
condition or laboratory visit. Importantly, task familiarisation (as evident by a plateau in 
performance) eliminated most practise effect and participants did not appear to 
recognise the trial sequence was the same across conditions.  
To overcome the duality inherent to response time-accuracy trade off tasks, adjusted 
response time (aRT) was calculated for each Pro, Anti, and Pro/Anti condition: 
aRT = Median RT / (1-Error rate)) 
This measure refers to response time performance and can be interpreted like 
unadjusted response time. For example, a lower number represents better performance 
than a higher number. This adjustment is used in peer-reviewed research (Guiney et al., 
2019, Chambers et al., 2004, Townsend and Ashby, 1983). The reliability of this task was 
assessed using intra-class correlations in data Chapters Five and Seven. As described, 
aRT measures show good-to-excellent reliability within a single day and good reliability 
between days. For example, Chapter Seven reports within-day test re-test reliability for 
Pro and Anti ICC at ≤0.92 and 0.86, respectively. This is slightly higher than the findings 
in (White et al., 2017), where Pro and Anti intraclass correlation (ICC) values were 0.76 
and 0.75, respectively. Nevertheless, the Pro, Anti, Pro/Anti battery has been frequently 
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used as a measure assessing multiple domains of cognition in healthy young and older 
adults (Guiney et al., 2015, Guiney et al., 2019, White et al., 2017, Bierre et al., 2016, 
Cameron et al., 2015, Brett and Machado, 2017).  
Pro, Anti, Pro/Anti was chosen as the primary cognitive battery for this thesis based on 
previous evidence that executive function, and particularly choice response time, 
improve during and after exercise. It has also been shown that the fitness-related benefit 
for performance on this task may be mediated by CBF regulation (Guiney et al., 2015). 
Similar choice response time tasks, such as the Stroop task, are often reported to acutely 
increase perceived stress. By design, Pro, Anti, Pro/Anti is a simple task to perform, thus 
resulting is lessened perceived stress. Furthermore, it is a reliable task with highly 
feasible administration (i.e., even during treadmill walking and while immersed in 
water).  
3.3.2 Backward Digit Span  
The backward digit span is commonly used and independently interpreted as a task to 
assess working memory in both young and older adults (Reynolds, 1997, Bopp and 
Verhaeghen, 2005). The task involves participants recalling items in reverse	order. In 
this thesis, the items were a list of numbers (i.e., digit span).  
Numbers were presented verbally to the participant at a rate of 1 per second and in a 
consistent pitch for all except the final number. If a participant requested that the digit 
span be repeated, they were politely told they could hear it only once, and they should 
try their best. The backward digit span involved six progressively more difficult levels, 
whereby the number of digits increased by one. The test started with 3 digits (e.g., 4-8-
1) and continued up to 9 (e.g., 4-9-3-7-5-1-8-2-6). Each level had two trials, whereby the
same number of digits were verbally presented (e.g., 4-8-1 and 5-3-8). Participants
failed the trial if the digits recalled were not in perfect reverse order. For example, the
trial was marked failed if a digit was missed, replaced with a different digit, or added
during recall. The test was stopped once the participant failed two sequential trials of
the same length. Thus, two trials for one level allowed for a “second chance” at
completing the level, whereby the second occurred regardless if the first was correct.
The score was recorded as the largest digit span correctly recalled.
The backward digit span task was used in Chapter Seven. Identical digit spans were used 
throughout the protocol. Similar to the Pro, Anti, Pro/Anti task, a set trial sequence was 
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used to eliminate any sessions or conditions being more difficult than others. The 
disadvantages associated with differences in difficulty level between conditions pose far 
greater issues with respect to interpreting the results. We accept that learning effects 
may have occurred for the design used (fixed digit sequences across completions), 
which would be associated with participants completing progressively longer spans 
across conditions, in relation to long-term memory effects. However, due to the 
counterbalanced design (section 7.3.3), the superior performance would not have been 







This chapter was designed as a validation study, to ensure that a “low stress” cognitive 
task would not alter cerebrovascular regulation. The “high stress” arithmetic task used 
in Chapter 4 was designed to increase perceived stress beyond a normal lab 
environment. It follows then, that the “low stress” arithmetic task (used prior to the 
“high stress” arithmetic in Chapter 4) is more similar to the perceived stress of 
completing a Pro, Anti, Pro/Anti cognitive battery. While this study does not address the 
overarching aim of the current thesis, it does address an important issue with measuring 
cognition and CBF regulation simultaneously; that is, high perceived stress may alter 
cerebrovascular regulation.  
4.2 Abstract 
This study examined the effects of acute mental stress on cerebrovascular function. 
Sixteen participants (aged 23 ± 4 y, 5 female) were exposed to low and high mental 
stress using simple arithmetic (counting backward from 1000) and more complex 
arithmetic (serial subtraction of 13 from a rapidly changing 4-digit number), 
respectively. During consecutive conditions of baseline, low stress, and high stress, 
PETCO2 was recorded at normocapnia (37 ± 3 mm Hg) and clamped at two elevated 
levels (p < 0.01): 41 ± 1 and 46 ± 1 mm Hg. MCAvmean (TCD), right prefrontal cortex 
haemodynamics (NIRS) and MAP (finger photoplethysmography) were measured 
continuously. Calculations of CVRHYPER, ΔMCAvmean/ΔPETCO2), CVC (MCAvmean/MAP), 
CVCHYPER (ΔCVC/ΔPETCO2), and total peripheral resistance (TPR, MAP/CO) were made. 
Acute high mental stress increased MCAvmean by 7 ± 7%, and more so at higher PETCO2 
(32 ± 10%; interaction: p = 0.03), illustrating increased sensitivity to CO2 (i.e., its major 
regulator). High mental stress also increased MAP (17 ± 9%; p < 0.01), coinciding with 
increased NIRS-derived prefrontal haemoglobin volume and saturation measures. High 
mental stress elevated both cerebrovascular hypercapnic and conductance reactivities 
(main effect of stress: p ≤ 0.04). These findings indicate the cerebrovascular response to 
acute high mental stress results in a coordinated regulation between multiple processes.	
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4.3 Introduction 
Acute mental stress can impair peripheral endothelial function immediately and for 
minutes to hours afterward (Toda and Nakanishi-Toda, 2011), while chronic mental 
stress impairs the regulatory sensitivity of peripheral vasculature (Dietz et al., 1994, 
Ghiadoni et al., 2000, Spieker et al., 2002) and can facilitate cardio- and cerebrovascular 
disease(Merz et al., 2002, Schwartz et al., 2010, Tsatsoulis and Fountoulakis, 2006). 
Whereas the immediate effects of acute mental stress on peripheral vascular regulation 
are known (e.g., Harris et al. (2000)), the effects on cerebrovascular regulation are not.   
As briefly discussed in section 2.1.2.5, cerebral perfusion increases during acute mental 
stress, as determined with transcranial Doppler ultrasound (Brindle et al., Naqvi and 
Hyuhn, 2009) and arterial-spin labelling perfusion (Wang et al., 2005). This increase is 
largely due to elevated MAP (Brindle et al., Naqvi and Hyuhn, 2009) and neural 
activation (Wang et al., 2005). However, the effects of acute mental stress on 
cerebrovascular regulation to changes  in arterial CO2 (i.e., CVRCO2) remain 
unknown.Whilst cerebral endothelial functioning is not directly measurable in humans, 
CVRCO2 is a recognised surrogate because it is modulated predominantly by endothelial-
derived NO, as is peripheral vascular function (Andresen et al., 2006, Krainik et al., 2005, 
Lavi et al., 2003, Silvestrini et al., 2000). NO bioavailability (assessed with brachial flow 
mediated dilation) is strongly related to CO2-induced changes in middle cerebral artery 
blood velocity (MCAv) (Ainslie et al., 2007), while inhibition of NO synthesis by way of L-
arginine analogues blunts CVRCO2 (Bonvento et al., 1994, Iadecola and Zhang, 1994, 
Wang et al., 1995, Wang et al., 1994). Furthermore, decreases in CVRCO2 with 
indomethacin-induced inhibition of prostaglandin synthesis provide more evidence that 
CVRCO2 is a surrogate of cerebral endothelial function (Barnes et al., 2012, Kastrup et al., 
1999). Therefore, it is plausible to interpret CVRCO2 as an index of cerebral endothelial 
responsiveness (refer to section 2.1.1.1.1). 
A slight increase in CBF during acute mental stress might reflect increases in cerebral 
metabolism and arterial blood pressure. It is valuable to know the acute effects of 
mental stress on the cerebro-vasculature, and its regulation, to understand contexts 
such as the heightened cerebrovascular disease in those suffering from chronic stress. 
Thus, the aim of this study was to examine immediate cerebrovascular and 
haemodynamic responses during acute mental stress whilst controlling PETCO2. 
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Because acute mental stress causes peripheral endothelial dysfunction and increased 
CBF (as assessed by MCAvmean) we hypothesised that acute bouts of high mental stress 
would decrease CVRHYPER (as an indicator of cerebral endothelial function). A low mental 




This study was approved by the University of Otago Human Ethics committee 
(H16/143), in accordance with the standards set by the Declaration of Helsinki, except 
for registration in a database. Written informed consent was obtained from all 
participants prior to any data collection (Appendix A). 
4.4.2 Participants 
Nineteen healthy adults were recruited as participants. Three were excluded from the 
study; one for an unreliable MCAv signal, one for frequent benign arrhythmia, and one 
for not complying with caffeine restriction. All other participants completed the entire 
protocol. Therefore, data are reported from 16, who were 23 ± 4 y and included 11 
males and 5 females (77 ± 12 kg, 178 ± 8 cm). Females were in luteal menstrual phase 
(i.e., 15 - 28 days after day 1 of menses) or on oral contraception (non-placebo pill 
phase). All participants were non-smokers and apparently free from neurological, 
cerebro- and cardio-vascular, or psychological disorders. Participants reported to the 
laboratory having abstained from caffeine, food, and mild-to-moderate exercise for 2 
hours, and strenuous exercise for 12 hours. Strenuous exercise was explained to all 
participants as being “hard enough that you wouldn’t be able to sing.” This equates to a 
rating of perceived exertion equal to or above 13 (Borg, 1970). All participants reported 
being recreationally active and fluent English speakers.  
4.4.3 Experimental Procedures 
4.4.3.1 Overview 
The experimental protocol within the current study is replicated from Wang et al. 
(2005). Participants visited the laboratory for one session of ~90 min, consisting of 
three 15-min conditions; baseline, low stress, and high stress (see Figure 4.1 for 




condition. The experimental design was non-randomised to avoid physiological carry-
over from the high	stress condition (potentially lasting for 4 hours; (Ghiadoni et al., 
2000)), and confounding metabolic, cardiovascular, or psychological changes that are 
introduced during prolonged or multi-day protocols.  An equal number of sessions 
occurred in the morning (8 to 11:30 AM) and afternoon (12 to 4 PM).  
 	Figure	4.1 Experimental protocol wherein cerebrovascular hypercapnic reactivity was 
measured during 3 conditions of mental stress (i.e., baseline, low stress, high stress). 
4.4.3.2 Procedural details 
 Instrumentation commenced with participants in a comfortable and seated position. 
Without changing postures, participants underwent a baseline condition of hypercapnic 
reactivity (i.e., +5 and +10 mm Hg above eucapnia), followed by low, and high mental 
stress conditions (~15 min each). Within each condition data were collected at 
unclamped normocapnia (37 ± 2 mm Hg) and clamped at two elevated levels of PETCO2 
(41 ± 1 and 46 ± 1 mm Hg) to assess MCAvmean reactivity in a graded manner. These 
levels of PETCO2 were chosen to quantify the linear relationship with two-step changes 
in MCAvmean. The +10 mm Hg step was selected to elicit substantial change in MCAvmean 
whilst being well within the hypercapnic threshold (i.e., ~55 to 60 mm Hg; Philip N 
Ainslie & Smith, 2011) and low enough to dampen the stress of breathing CO2.  The 
return of baseline values was ensured using a minimum washout of 5 minutes between 
conditions. Participants successfully recovered to their baseline values for all dependent 
variables (HR, MAP, PETCO2 and MCAv) before the start of each stress condition (all p ≥ 
0.53). Linear regression analysis allowed for hypercapnic reactivity to be assessed for 
MCAvmean (i.e., CVRHYPER) and CVC (i.e., CVCHYPER) as a response to the two step changes 
in PETCO2 for each participant. Individual slopes were checked for linearity. In two cases 





for these we calculated the slope from the two points below threshold.  
During the low stress condition, participants were instructed to count aloud backward 
from 1000. The high stress condition required verbal-response serial subtraction of 13 
from a four-digit number, which changed every ten seconds. The participants were 
prompted to go as quickly as possible, with the requirement of restarting upon error. 
This low and high stress paradigm was adapted from Wang et al. (2005). 
Following each condition, participants were asked to report their perceived stress level 
on a Likert scale (ranging 1 to 10), where 1 represented no stress at all and 10 was the 
highest stress imaginable (Brindle et al., 2018).  
4.4.4 Measurements  
Briefly, CBF was indexed from changes in MCAv. The MCAv waveform was used to 
derive HR. Beat-by-beat blood pressure, stroke volume, and TPR were measured and 
calculated using the Finometer (Finometer® PRO, FMS, Finapres Medical Systems BV, 
The Netherlands). Oxygenation of the right prefrontal cortex was measured using near-
infrared spectroscopy (NIRS, NIRO-200; Hamamatsu Photonics KK; Hamamatsu, Japan). 
Accurate control of PETCO2 during hypercapnia, and despite verbal responses, was 
achieved using a customised dynamic end-tidal clamping system (C.E.T. Gas Clamp, 
School of Physical Education, Sport and Exercise Sciences, University of Otago, Dunedin, 
NZ). All measurements and calculations relevant to this study are discussed in Chapter 
Three.  
4.4.5 Data and Statistical Analysis 
Each condition reached physiological steady state (e.g., PETCO2 clamping and MCAvmean, 
HR, and MAP responses to mental stress) within approximately 2 minutes, whereupon 
45 seconds of data were averaged for analysis. All data were manually checked for 
artefacts prior to analysis. Data were tested for linearity and approximate normal 
distribution of residuals by assessing Q-Q plots, histograms, individual residuals and 
formally with Shapiro-Wilks (all p > 0.05). Sphericity was assessed formally with 
Mauchley’s test (all p > 0.05). Where the assumption of sphericity was violated, degrees 
of freedom were corrected using Greenhouse-Geisser estimates of sphericity.  
The primary outcome variable (i.e., MCAvmean) was analysed using a linear mixed model 




PETCO2 (3 levels), time-of-testing (2 levels; morning, afternoon) and MAP, along with 
their interactions, were treated as fixed factors. As usual for mixed models, each 
participant was treated as a random variable. Akaike’s Information Criteria was used to 
determine the covariance structure (i.e., Autoregressive1), random and fixed effects and 
their structure, as well as model inclusion and weighting of model errors. In this 
instance, all interactions for stress, PETCO2, and MAP were included in the model. 
However, Time interactions were removed from analysis due to insignificant fit to the 
data. Post-hoc testing for MCAvmean was analysed using Tukey’s HSD.  
All remaining outcome variables were analysed using two-way repeated measures (RM) 
analysis of variance (ANOVA) models (Table 4.2 and 4.3). The RM ANOVA assessed 
individual and interactive effects of mental stress (3 levels; baseline, low stress, high 
stress) and PETCO2 (3 levels; normocapnia, moderate CO2, high CO2). A one-way RM 
ANOVA was used to analyse the main effect of stress for CVRHYPER and CVCCO2and to 
confirm the return of MAP, MCAvmean, PETCO2, and HR to baseline. An α of 0.05 was used 
for each ANOVA. Post-hoc investigation of the significant main effects was undertaken 
using Bonferroni corrections (p < 0.017) to reduce the likelihood of a Type 1 error. To 
compare our findings with previous research, relations between key variables were 
examined using univariate Pearson’s correlation. All ANOVA data were analysed using 
IBM SPSS (Version 25.0 for Windows, IBM Corporation, Armonk, NY, USA). Data are 





One participant showed poor signal quality during hypercapnia and was removed 
from relevant analysis. Verbal responses of the remaining 15 participants caused 
minimal disruption to MCAv signal quality and PETCO2 was successfully clamped at 
targeted levels despite alterations in breathing pattern due to vocalisation. There was no 
discernible effect of time-of-day of testing on the MCAvmean response to CO2 and stress 
(Table 4.1; p = 0.65). Importantly, participants returned to baseline values after 
hypercapnia (+10 mm Hg) and before commencing the subsequent stress condition. For 
example, averaged responses were similar in the final minute before the commencement 
of baseline, low stress, and high stress conditions for PETCO2 (37 ± 2 vs 36 ± 3 vs 35 ± 3 
mm Hg, respectively; p=0.534), MCAvmean (63 ± 12 vs 61 ± 11 vs 60 ± 14 cm/s, 
respectively; p=0.801), MAP (89 ± 15 vs 94 ± 27 vs 94 ± 19 mm Hg, respectively; 
p=0.696), and HR (68 ± 11 vs 71 ± 10 vs 70 ± 11 bpm, respectively; p=0.951).    






Time of testing 0.646 
Stress* PETCO2 0.028	
Stress* MAP 0.001	
PETCO2 * MAP 0.913 
Stress * PETCO2 * 
MAP 0.184 
	Note. Results from linear mixed model analysis of MCAvmean (middle cerebral artery blood 
velocity). PETCO2 end-tidal carbon dioxide, MAP mean arterial pressure. Bold represents 
significance (p < 0.05). Analysis was completed across all conditions, with post-hoc testing done 
for both interaction effects, accordingly.   
4.5.1 Effects of stress (Table 4.1 and Table 4.2) 
Participants reported incrementally more mental stress during low and then high stress 
conditions (p	< 0.01). Low and high stress significantly increased MCAvmean by 8 ± 6 and 
7 ± 7%, respectively (Figure 4.2) and Figure 4.3A, both p < 0.01 vs baseline). Low and 
high stress increased MAP by 13 ± 10 and 17 ± 9%, respectively (all p < 0.01 vs 
baseline), and decreased CVC (Figure 4.3B, p < 0.01 vs baseline) despite no significant 




≤ 0.01), but insignificant changes in TPR (p =0.45). In Table 4.3, NIRS-derived measures 
indicate that oxygenated haemoglobin and TOI were increased with both low and high 
stress (p <0 .01 vs baseline), but they were not different from each other (p≥0.06 vs low 
stress). Deoxygenated haemoglobin showed a graded decrease during both low and high 
stress (p	< 0.01 vs baseline, p = 0.03 high vs low stress). Perceived stress was 
moderately related to MAP (r = 0.44, p	< 0.01) but not to MCAvmean (r < 0.01, p	= 0.97) or 
HR (r = 0.10, p	= 0.48). No further main effects of stress were evident (Table 4.2 and 
Table 4.3). 
  
 	Figure	4.2 Representative trace from one participant of MCAv and blood pressure (BP) 
waveforms, and corresponding heart rate (HR) during baseline, low stress and high stress 
conditions. Both low and high stress segments are taken during verbal responses, illustrating 




	Figure	4.3 Changes in MCAvmean (panel A), CVC (panel B), CVRHYPER (panel C), and CVCCO2 
Reactivity (panel D) with low and high levels of acute mental stress (n = 16). MCAvmean, middle 
cerebral artery velocity; CVC, cerebrovascular conductance; CVRHYPER; cerebrovascular reactivity 
to CO2; CVCHYPER, cerebrovascular conductance reactivity to CO2; ABP, arterial blood pressure  
4.5.2 Hypercapnia effects and interactions with stress  
Hypercapnia alone invoked the expected haemodynamic responses (see Table 
4.2, Table 4.3, and Figure 4.3), i.e., it increased MCAvmean, CVC, CO and all NIRS 
parameters (all p < 0.01). Hypercapnia did not interact with MAP (interaction: p = 0.50) 
but increased MCAvmean more when combined with high stress (Figure 4.3A, interaction: 
p = 0.03), independent of MAP (interaction: p = 0.18). This was further supported by 
CVRHYPER and CVCHYPER showing main effects of stress (p ≤ 0.04, Figure 4.3C, D), with 
post-hoc comparisons revealing that CVRHYPER was influenced by high stress (p = 0.04 vs 
baseline) but not low stress (p = 0.56 vs baseline). CVCHYPER tended to be higher during 




Table	4.2	 Cardio- and cerebro-vascular measures  
	Note.	MCAvmean middle cerebral artery blood flow velocity, PETCO2 end-tidal carbon dioxide, MAP mean arterial pressure, HR heart rate, TPR total 
peripheral resistance. Values are means ± SD from 16 adults. Bold represents significant main effects (p < 0.05) and Bonferroni-corrected post-hoc 
comparisons (p < 0.017). Stress perceptions were taken immediately upon cessation of hypercapnia and condition, as to not disrupt the continuous stress 
















PETCO2 (mm Hg)  37 ± 2  41 ± 1  46 ± 1  37 ± 2  42 ± 1  46 ± 1  37 ± 3  41 ± 2  46 ± 1   
Dependent  
Variables 
                  Stress  CO2  Stress
* CO2  
MAP (mm Hg)  84  ± 9  85  ± 9  88  ± 9  95  ± 11†  91  ± 10  98  ± 11  98  ± 11†  98  ± 12  104  ± 15  <0.001  0.016  0.504 
Heart Rate (bpm)  69  ± 10  71  ± 10  71  ± 10  77  ± 10†  78  ± 8  79  ± 11  78  ± 13†  79  ± 11  78  ± 10  <0.001  0.371  0.835 
CO (L/min)  6.1  ± 1.3  6.3  ± 1.3  6.7  ± 1.4  6.8  ± 1.6†  6.9  ± 1.6  7.5  ± 1.6  8.1  ± 2.2†‡  8.1  ± 2.1  8.0  ± 1.9  <0.001  0.008  0.132 
TPR 
(mm Hg/mL/min)  13 ±  3  13  ± 3  13  ± 3  14  ± 3  13  ± 4  13  ± 3  13  ± 3  13  ± 5  13  ± 4  0.403  0.241  0.109 
Stress Perception 
Scale (AU) 




Table	4.3	 Near-infrared spectroscopy (NIRS) measures  
Note.	TOI total oxygenation index, tHb total haemoglobin, HbO2 oxygenated haemoglobin, HHb deoxygenated haemoglobin. Values are means ± SD from 16 
adults and represent the magnitude of change from resting “zeroed” baseline at the commencement of instrumentation (including Baseline Normocapnia). 
Bold represents significant main effects (p < 0.05) and Bonferroni-corrected post-hoc comparisons (p < 0.017).   † p < 0.001 vs baseline normocapnia. ‡ p < 


















                  Stress  CO2  Stress
* CO2  
TOI (%∆)  65  ± 5  67  ± 5†  69  ± 5†*  67  ± 5†  69  ± 17  70  ± 5  67  ± 5†  69  ± 17  71  ± 5  0.003  <0.001  0.765 
tHb (∆µMol ∙ cm)  28  ± 61  41  ± 62  65  ± 59†*  34  ± 70  42  ± 81  67  ± 75  69  ± 77  65  ± 91  98  ± 109 0.143  <0.001  0.305 
HbO2 (∆µMol ∙ cm)  46  ± 75  80  ± 79†  122  ± 78†*  84  ± 75†  110  ± 94  151  ± 85  134  ± 85†‡  150  ± 104  196  ± 114 0.002  <0.001  0.389 





This study revealed four main findings. First, MCAvmean increased during acute 
low and high mental stress, which was mediated by increases in MAP (Figure 4.3B, and 
as shown by others: (Brindle et al., 2018, Naqvi and Hyuhn, 2009, Wang et al., 2005)) 
and therefore not hypothesised here). Second, CVRHYPER was statistically greater during 
only high stress, which shows that high mental stress altered, and potentially enhanced, 
the regulation of CBF (Figure 4.3C), and this opposed our hypothesis. In contrast, low 
mental stress did not alter CBF regulation, despite similar increases in CO and HR. Third, 
the decrease in cerebrovascular conductance and the increased sensitivity to 
hypercapnia during high stress may indicate that the increased MCAvmean was not driven 
by increased MAP alone (Figure 4.3D). Fourth, the increased perfusion during acute low 
and high stress did not appear to be functionally driven by an increase in (frontal) 
cerebral oxygen demand, as indicated with NIRS-derived measures. 
A significant synergistic interaction of mental stress and CO2 revealed that 
MCAvmean increased more so during high stress and hypercapnia. This agrees with 
findings from McCulloch et al. (2000) wherein CVRHYPER was significantly greater during 
drug-induced increases of  MAP (100 vs 80 mm Hg). In the current study, it appears that 
vascular tone was first set by stress-induced hypertension but was overridden by 
hypercapnic-dilation. In this acute setting, decreases in CVC during normocapnic and 
stressful conditions support MAP as a driver behind augmented MCAvmean, as PETCO2 
was not different across conditions (Figure 4.3B). However, blood pressure profile 
across CO2, regardless of stress level was not different (interaction: p=0.504). Thus, MAP 
was not	the primary driver behind increased MCAvmean flow during hypercapnic high 
stress (Figure 4.3D). The addition of hypercapnia to the high stress condition likely 
added conflict to the previously constricted arterioles. Hypercapnia is known to dilate 
subcortical vessels (Al-Khazraji et al., 2018), and thus increase flow. Therefore, it is 
plausible that in the setting of a higher MAP (e.g., during acute doses of high mental 
stress), there is a greater increase in MCAvmean for a given change in diameter.  
In accordance with other studies, our results show a cardiac-driven increase in 
MAP, and not one of TPR (albeit based on Modelflow). Previous studies indicate that TPR 
may have more involvement during prolonged stress, in part as a result of α-




speculation of whether SNA-mediated TPR or CO is the primary driver of MAP during 
mental stress. Carter and Ray (2009) showed that only half of their participants 
responded to mental stress with increases in leg muscle SNA (MSNA), while all 
participants showed increases of HR and MAP. SNA outflow also differs within and 
between global and cerebral circulations (Ainslie and Duffin, 2009, Cassaglia et al., 
2008a, Cassaglia et al., 2009). For example, an increase in global SNA may elevate MAP 
but also trigger a reduction in cerebral SNA (Ainslie, 2009). Furthermore, acute 
hypertension has been found to augment cerebral SNA in lambs (Cassaglia et al., 2008b). 
Therefore, it is possible that transient increases in arterial blood pressure could 
attenuate changes in CBF during mental stress via increased cerebral SNA (Brassard et 
al., 2017). However, limited research is available because studying the influence of 
cerebral verses global SNA on cerebral vessels remains difficult in humans (Ainslie and 
Brassard, 2014). Data from the current study shows CVC decreasing with low and high 
mental stress, illustrating the effect of MAP and the possible involvement of SNA-
mediated vascular constriction. Regardless, MAP can account for only part of the 
MCAvmean increase during a hypercapnic, high stress state. In the current study, elevated 
PETCO2 increased MCAvmean, more so during high stress. However, elevated PETCO2 did 
not affect MAP (p = 0.13), yet high stress elevated CVCCO2 for most participants (Figure 
4.3D). Thus, there may be mechanism(s) other than hypercapnia-induced vasodilation 
and MAP supporting the rise in MCAvmean. Previous literature points toward adrenaline-
induced beta-activation and endothelial-derived NO being partly responsible for the 
increases of forearm blood flow during mental stress. Lindqvist et al. (1997) reported 
that beta-blockade (propranolol) increased forearm vascular resistance and decreased 
forearm blood flow during mental stress. Recent findings partly attribute increased 
levels of circulating adrenaline to the stress-induced augmentation in vasodilator 
response (Liu et al., 2006, Pike et al., 2009). Nitric oxide has a prominent role as its 
inhibition attenuates forearm blood flow responses to mental stress (Cardillo et al., 
1997, Dietz et al., 1994). However, as mentioned above, endothelial-derived NO may 
partially mediate CVRHYPER, so the relation between CVRHYPER and cerebral endothelial-
derived NO becomes complicated during a highly stressful situation. This requires 
further investigation with more direct measures.  
Cognitive demand increases CBF, independent of mental stress and by virtue of 




al., 2009, Ogoh et al., 2018, Panerai et al., 2005). Our study supports this notion with an 
interactive effect of hypercapnia and increased MCAvmean during cognitive load (i.e., 
mental arithmetic during high stress condition; Table 1). “Static” cerebral autoregulation 
appears operational with buffering the influence of blood pressure on MCAvmean; MAP 
rose 13% and 17% with low and high stress, respectively, whilst MCAvmean rose to a 
lesser extent of 8% and 7%. The smaller change in MCAvmean was due to increased CVC 
of 5% and 8%, indicating an increase in cerebral vasculature tone for low and high 
stress, respectively. Furthermore, the four NIRS parameters (Table 3) supported 
increased perfusion (by virtue of increased HbO2 and TOI) despite unchanged O2 
demand (i.e., a mismatch between task-induced changes in O2 demand and supply in the 
right prefrontal cortex), supporting previous findings (Wang et al., 2005). This indicates 
that increased CBF during cognitive load or acute stress appears to have little functional 
significance. However, NIRS is a broad and variable index of cerebral tissue oxygenation 
(frontal lobe in the current study), so we are cautious to conclude that high mental 
stress did not increase neural demand per se.  
Wang et al. (2005) reported a positive linear correlation between stress 
perception and increase of CBF. However, they found no difference in CBF between high 
and low stress conditions. While all our participants reported an increase of perceptual 
stress (during low stress, and more so during high stress), a positive linear relation was 
not found between stress perception and MCAvmean. However, this difference may lie in 
the fact that the current study used Transcranial Doppler ultrasound as in index of 
cerebral blood flow, whereas Wang et al. (2005) used a more direct measure (i.e., 
arterial spin labelling with functional magnetic resonance imaging).  
As mentioned above, acute mental stress can cause lasting endothelial 
dysfunction (Toda and Nakanishi-Toda, 2011) and impair the regulatory sensitivity of 
vascular beds in the periphery (Ghiadoni et al., 2000, Spieker et al., 2002). These studies 
report that immediate vascular impairments from acute mental stress remain at 10, 30 
and 90 minutes after. The current study assessed cerebrovascular regulation during	
acute mental stress and did not find data to suggest cerebrovascular impairment. In 
particular, CVRHYPER (an index of cerebral endothelial responsiveness) was increased 
during high stress. Instead, the data indicates the coordinated response between 
multiple processes in regulating MCAvmean during high acute mental stress. Upon the 




(i.e., 30-90 minutes) that circulating inflammatory cytokines may appear (Steptoe et al., 
2001). Therefore, it is plausible that cerebrovascular impairment also would appear 
after 30 minutes of a stressful task, but this is outside the scope of this study (as 
discussed below). Future research should examine this possibility and particularly the 
implications on an aging brain due to many cerebrovascular changes such as decreases 
in CVRHYPER and brain vascularity (for example, Peng et al. (2018)). 
Additional limitations are evident with this study. It was not powered to address 
sex differences. Furthermore, our results cannot be transferred to older or clinical 
populations, to a context of chronic stress, or to the posterior cerebral circulation. 
Regarding NIRS, we cannot discount the potential influence of extracranial 
contamination. Our baseline condition cannot be assumed stress free. We did not have 
any familiarisation testing to control for the stress of a new lab environment. While we 
did take baseline perceptual measures of stress, there was potential for stress to 
commence during instrumentation. The stress paradigm order was designed to 
minimise physiological carryover from the high stress condition, based on a previous 
experimental design by Wang et al. (2005). However, time-related carryover effects 
from initial baseline stress remain possible. For example, in a similar paradigm, cortisol, 
one of the known mediators of endothelial dysfunction (Toda and Nakanishi-Toda, 
2011), spikes 10 minutes after stress (Wang et al., 2005). Further, mental stress 
increases systemic concentrations of inflammatory cytokine for up to 2 hours after 
stress (Steptoe et al., 2001), which may stimulate SNA and impact MAP (Besedovsky and 
del Rey, 1996). However, the current study was designed to address acute changes 
during	low and high mental stress. Our results show that 1) CVRHYPER (an index of 
cerebral endothelial function) appeared to incrementally increase during low and high 
mental stress; and 2) cardiovascular and MCAvmean values returned to baseline after only 
5 minutes. If low mental stress negatively affected the cerebrovascular response, we 
would expect to see a decrease or no change in CVRHYPER, and a longer-lasting 
cardiovascular response after the stress was terminated. Therefore, in assuming carry-
over from low stress we are only underestimating the true effect of high stress.  We also 
acknowledge that caffeine has a half-life longer than 2 hours and may lessen the 
precision of any stress-related effect. However, any effect from caffeine would be 
minimal compared to that from acute mental stress. The current study found no 




likely due to consistent verbal responses. Such findings may differ for other types of 
mental task that induce hyperventilation and thus hypocapnia (i.e., silent arithmetic, 
moments before public speaking, flying in dangerous conditions etc.). Lastly, this study 
was based on the usual assumption that the additional CO2 stimulus (i.e., hypercapnia) 
increased flow by dilation of downstream vessels without a meaningful change 
(increase) in MCA diameter. However, recent research supports dilation of the MCA (and 
other subcortical vessels) during hypercapnia (Al-Khazraji et al., 2018, Coverdale et al., 
2014). If so, then our current data may underestimate a change in total flow, as 
MCAvmean measures only blood velocity. This would not invalidate the present findings 
or implications discussed above. However, it is important to consider that mental stress 
may induce dilation independent of CO2. For example, Naqvi and Hyuhn (2009) reported 
dilation of the carotid artery during mental stress, which corresponded to increases in 
MCAvmean. Thus, the dilation of cerebral arteries during mental stress remains 
possible, but – to our knowledge - unstudied. Modelflow was used to estimate cardiac 
stroke volume and thus, CO responses. As reported by Dyson et al. (2010) Modelflow is 
broadly accepted as a valid measure of CO, with discrepancies appearing during acute 
changes in TPR. However, previous studies have shown that acute mental stress 
increases CO independently of TPR, as assessed from echocardiography and 
thermodilution (Freyschuss et al., 1988, Ginty et al., 2015).  
4.7 Conclusion 
In conclusion, this study examined the haemodynamic and cerebrovascular effects of 
acute mental stress. The major novel findings were that: 1) high mental stress and 
hypercapnia had an interactive effect on MCAvmean; 2) high mental stress altered the 
regulation of CBF; 3) the increased CVRHYPER was not driven by changes in MAP; and 4) 
this increased perfusion with both low and high mental stress did not appear to be 
functionally justified by an increase in oxygen demand, as indicated by NIRS-derived 
measures. These findings are important as they indicate the cerebrovascular response to 
acute mental stress results in a coordinated regulation between multiple systems. 
4.8 4.8 Postface 
Considering the current Chapter’s findings, extra precaution was taken for the 
remainder of the thesis to minimise acute stress related to experimental procedures and 




minimally stressful. No evidence was found to support long-lasting stress from the 
cognitive task (i.e., any elevations in HR and MAP returned to baseline before 
subsequent measurements were taken). To be certain that our results were not 
confounded by artificially raised CVRCO2 (i.e., from cognitive stress), all measures of 
cerebrovascular regulation were done during quiet rest, and each study contained a 
familiarisation whereby participants were given ample opportunity to ask questions and 









Cognition, CBF, and its major regulator (i.e., arterial CO2), increase with submaximal 
exercise and decline with severe exercise. These responses may depend on fitness. We 
investigated whether exercise-related changes in cognition are mediated in part by 
concomitant changes in CBF and CO2, in ten active (26±3 y) and ten inactive (24±6 y) 
healthy adults.  
Participants completed two randomised sessions; exercise and a resting CO2-control – 
wherein PETCO2 was matched between sessions and clamped across conditions at 
exercise-associated increases (+3 mm Hg) and hypercapnia (+10 mm Hg). Exercise 
comprised inclined walking at submaximal and severe intensities. CBF was indexed 
using right MCAvmean. Cognition (visuomotor, switching and inhibitory response time) 
was measured before, during, and after exercise.  
The MCAvmean and its inverted-U response to exercise were comparable between groups, 
whereas visuomotor performance improved during submaximal exercise in the active 
group only (p = 0.046). Submaximal, but not severe (p = 0.33), exercise increased 
MCAvmean (p ≤ 0.03). Hypercapnia increased MCAvmean during the CO2-control (27 ± 
12%) and during submaximal exercise (39 ± 17%; p <0.01). Despite the acute increases 
in MCAv, cognition was impaired during both levels of increased PETCO2 (3-6%; p ≤ 
0.04), regardless of session. Overall, resting or exercise-related changes in PETCO2 and 
MCAvmean did not associate with changes in cognition (r ≤ 0.29 ± 0.34). Fitness (VO2MAX) 
was strongly associated with baseline cognition (r ≥ 0.50). 
In conclusion, acute increases in PETCO2 and MCAvmean were not associated with 
improved cognition. In fact, cognitive performance was impaired at both levels of 
increased PETCO2, regardless of session. Finally, fitter people were again found to have 
better cognition.  
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5.2 Introduction  
As discussed in section 2.2.3, moderate-intensity exercise is documented as acutely 
improving cognitive processes such as executive function (Brisswalter et al., 2002, 
Fernandes et al., 2018), but the reasons remain undetermined. Aerobic-type exercise 
lasting more than 20 but fewer than 90 minutes appears to facilitate performance in 
visuomotor speed, response preparation, and inhibition (Tomporowski, 2003). Severe-
intensity exercise, on the other hand, has been previously reported to impair executive 
functions, likely due to neuronal resource competition associated with reductions in 
cerebral perfusion (McMorris and Hale, 2012).  
Exercise poses as a potent stressor to the cardiovascular, respiratory, and nervous 
systems. Specifically, steady-state exercise increases the arterial, and its surrogate end-
tidal, pressures of carbon dioxide (PETCO2); this is a regulated, approximately +3 mm Hg 
rise in PETCO2 that naturally occurs (herein termed Submax) during submaximal 
exercise and is within the standard “normocapnic” range. The mild increase in PETCO2 
can largely account for the increase in anterior cerebral blood flow (CBF) that occurs 
during mild and moderate exercise (Ogoh and Ainslie, 2009). On the other hand, severe 
exercise, above the second ventilatory threshold (VT2), leads to hyperventilation-
induced hypocapnia and thus, cerebral vasoconstriction (Smith and Ainslie, 2017).  
Interestingly, more substantial hypercapnia (≥47 mm Hg; Fothergill et al., 1991) has 
adverse effects on cognition. Thus, there is a need to test the entire profile of CO2 to 
better understand its impact on cognition.   
Although exercise has multiple physiological effects that may impact cognition, its effect 
on PETCO2 and hence CBF is one such mediator. Cognition and PETCO2 show similar 
inverted-U shaped profiles across exercise intensity, whereby increases occur with 
moderate intensity but decreases occur with severe intensity exercise. Thus, naturally-
occurring Submax hypercapnia (approximately +3 mm Hg) may be linked to the acute 
cognitive benefit, unlike the impairment in cognition and neural functions from 
substantial hypercapnia (≥ 47 mm Hg) and hypocapnia (≤ 35 mm Hg) (Zappe et al., 
2008, Xu et al., 2011, Karavidas et al., 2010).  Ogoh et al. (2014) examined elite athletes’ 
executive function during prolonged exercise with and without hypercapnia-induced 
elevations in CBF. Although not reported as a main outcome, their results show a 
possible improvement in cognition (response time during a Stroop task) and increased 
CBF (as indexed by mean middle cerebral artery blood velocity; MCAvmean) during the 
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“control” exercise, which had raised PETCO2 by +4-6 mm Hg. Therefore, there is merit in 
uncoupling the effects of both mild and more substantial PETCO2 per	se from those of 
exercise on cognitive performance. Due to the shared inverted-U profile of cognition, 
PETCO2, and CBF during exercise, it is important to characterise their associations 
during both submaximal and severe exercise intensities. To our knowledge, examining 
the impact that different exercise intensities (i.e., moderate and severe) with and 
without two levels of increased PETCO2 have on cognition is novel and may be 
important to understanding the link between cognition, exercise, and CBF. 
Furthermore, regular exercise facilitates chronic physiological adaptations leading to 
heightened aerobic fitness (section 2.2.2.3). Aerobic fitness and habitual physical 
activity are frequently associated with better cognition, particularly response time, 
(Etnier et al., 2006, Guiney et al., 2015) regardless of adiposity and socioeconomic 
status. (Esmaeilzadeh et al., 2018) Furthermore, the cognitive-benefit from exercise 
appears to be greatest in those with higher fitness (Chang et al., 2012). Both aerobic 
fitness and habitual physical activity have also been associated with enhanced 
cerebrovascular function (section 2.1.2.3). (Bailey et al., 2013, Guiney et al., 2015) For 
example, Bailey et al. (2013) showed that aerobic fitness was associated with higher 
resting MCAvmean in young and older adults. Moreover, physically active individuals 
show larger increases in MCAvmean during submaximal exercise compared to sedentary 
controls (Brugniaux et al., 2014).  
Thus, the aim of this study was to investigate whether exercise-related changes in 
cognition may be mediated at least in part by concomitant changes in PETCO2. We 
hypothesised that the approximate +3 mm Hg increase in PETCO2 (i.e., Submax), during 
exercise and CO2-control, would result in cognitive improvements, whereas additional 
clamped hypercapnia (+10 mm Hg) would be detrimental. Changes in PETCO2 mediate 
much of the exercise-induced change in anterior CBF (Madsen et al., 1993). Therefore, it 
was predicted that such change in CBF would associate with cognitive performance 
during exercise and at rest. A secondary aim was to test if fitness had a positive 
association with cognitive performance at baseline, and if physically active and inactive 






This study was approved by The University of Otago Human Ethics Committee 
(H16/143), in accordance with the Declaration of Helsinki. Informed written consent 
was obtained from 23 healthy, young adults prior to any instrumentation (Appendix C). 
5.3.2 Participants 
Twenty-three participants were recruited. However, due to acute illness and study 
withdrawal, only 20 participants completed the entire protocol. All were non-smokers 
and free from disease and injury. To ensure participants were suitable for exercise, all 
completed the Physical Activity Readiness Questionnaire (Appendix J.2). Participants 
were grouped based on self-reported habitual physical activity questionnaires 
(Appendix J.4); active groups were defined as exercising more than 3 times 30 min per 
week for the last 6 months (N = 10) and inactive groups were defined as exercising 
fewer than 3 times 30 min per week for the last 6 months (N = 10). A maximal exercise 
test was used to characterise each participant’s aerobic fitness (i.e., maximal rate of 
oxygen consumption; VO2MAX). 
Females were in the luteal menstrual phase or on oral contraception (active pill phase). 
Participants reported to the laboratory having abstained from caffeine and food for a 
minimum of 2 hours, and strenuous exercise for 12 hours. 
5.3.3 Experimental Procedures 
5.3.3.1 Overview  
This study was designed to uncouple the CO2-related from the exercise-related effects on 
cognition, and therefore included both submaximal and severe exercise intensities to 
replicate their inverted-U profiles. A fully repeated experimental design was used, with 
one exercise and one resting CO2-control session (see Figure 5.1 for a protocol 
schematic), performed in randomised, counter-balanced order after a familiarisation 
session. End-tidal CO2 was matched between sessions and across all conditions. Both 
submaximal and severe exercise was used to characterise their contrasting CO2 profiles 
(i.e., CO2 mildly increases or falls, respectively). Furthermore, due to the adverse effects 
of high and low CO2 on cognition at rest, the entire profile of CO2 was measured 
throughout each protocol, with and without exercise. Thus, high CO2 (+10 mm Hg) was 




hypercapnia on cognition during exercise (i.e., exercise session) or at rest (i.e., CO2-
control session). Lastly, mild increases of CO2 (+3 mm Hg) were imposed during Severe 
conditions (termed Severe+CO2) to match that which occurred during Submax. The 
Severe+CO2 condition was designed to isolate the effect of Severe (i.e., lower CO2) from 
Submax (i.e., slightly increased CO2) conditions, with or without exercise.  
 
Figure	5.1		Protocol schematic of exercise and resting CO2-control sessions. During the 
exercise session, participants completed submaximal and severe exercise, with and 
without clamped end-tidal carbon dioxide (PETCO2). The PETCO2 trace (involving both 
poikilo- and clamped hyper-capnia) is illustrated across time. The resting CO2-control 
session was designed to match the PETCO2 to that of the exercise session. Cognitive 
performance on a response time battery was measured at each condition (as illustrated 
by red, green and white rectangles). The order of Severe and Severe+CO2 was 
randomised, as was Submax and Submax+HighCO2. Abbreviations: BL, baseline; Submax, 
poikilo-capnic submaximal exercise; Submax+HighCO2, submaximal exercise with 
clamped hypercapnia (+10 mm Hg); Severe, poikilo-capnic severe exercise (>80% heart 
rate reserve [HRR]); Severe+CO2, severe exercise with moderate clamped hypercapnia 






Participants attended the laboratory (Dunedin, New Zealand) on three occasions, with 
each session lasting less than 2 hours in duration. Participants first attended the 
laboratory for a maximal exercise test and to be familiarised to all equipment and the 
experimental protocol. This was intended to minimise potential distraction and learning 
effects for the following two sessions. Participants returned to the laboratory ≥48 hours 
after familiarisation for the remaining exercise and rest sessions (see below), which 
occurred in a computer-generated randomised and counterbalanced order. If the 
exercise session occurred first, the resting session was scheduled at least 48 hours later 
to allow for recovery. Participants attended the laboratory at the same time of day 
(within 30 min) for each session, including familiarisation. An equal number of sessions 
occurred in the morning (7 to 11:30 AM) and afternoon (12 to 8 PM).  
5.3.3.2.1 Familiarisation  
After initial cognitive testing, aerobic fitness (VO2MAX) was determined using an 
incremental incline walking test. Participants chose a speed (<7 km/h) that represented 
a comfortable “fast walk” and completed four incremental (+0.5-1% gradient) 3-min 
stages. Then, the treadmill gradient was increased every minute (>+2%) until volitional 
exhaustion. A successful test was indicated by at least two of the following criteria from 
Edvardsen et al. (2014); a respiratory exchange ratio value of ≥1.10; a peak HR ≥85% of 
age-predicted maximum (220–age); a plateau in VO2 (<150 mL/min) despite an increase 
in workload; and a failure to maintain the workload. VO2MAX values represent the highest 
30-s mean of consecutive breath-by-breath data (Quark CPET, Cosmed, Italy). Using the 
Karvonen formula, heart rate reserve (HRR) was calculated as the difference between 
the lowest resting and maximum obtained HR. 
After completion of the VO2MAX protocol, participants were fully instrumented and 
familiarised to all equipment (including clamped CO2) while briefly walking on the 
treadmill and further practising the cognitive tests.  
Each participant completed the study’s full cognitive battery (Pro, Anti, Pro/Anti) 
before, during, and after exercise. Response time and accuracy performances plateaued 
within the familiarisation session, thus lessening the potential for learning effects to 
confound results.   
5.3.3.2.2 Exercise Session 




instrumentation and a minimum of 15 min seated rest. Participants exercised at 
intensities of 50% and then ≥80% HRR while walking on an inclined treadmill. Uphill 
walking was chosen as a familiar whole-body exercise for both inactive and active 
adults, which would more likely result in respiratory fatigue before muscle fatigue. 
Uphill walking also involved less movement than running (i.e., no flight phase), which 
resulted in better signal quality of MCAvmean. Submaximal exercise (i.e., 50% HRR) was 
maintained first for a minimum of 5 min (to reach a steady physiological state) before 
cognitive testing began. Severe exercise (≥80% HRR) then occurred for a shortened 
duration (<5 min), during which participants completed a shortened cognitive battery. 
Adjustments in speed were made throughout Submax and Severe exercise conditions to 
maintain appropriate HRRs. 
Participants completed both exercise intensities (Submax and Severe) with two levels of 
PETCO2; one condition unclamped (i.e., natural exercise-related change; approximately 
+3 mm Hg) and one condition breathing additional CO2 using controlled PETCO2 
clamping (i.e., hypercapnia; +10 mm Hg). Potential order effects were controlled for by 
randomising the levels of PETCO2 within Submax and Severe exercise conditions. Lastly, 
the CO2 was delivered for a minimum of 1 min before any data were recorded during 
Submax+HighCO2 and Severe+CO2 conditions. A minimum of 5 min was allocated for CO2 
wash-out before commencing the following condition.  
Cognitive performance (response time battery) was recorded during all conditions 
(Figure 5.1) while participants were walking on the treadmill. The full Pro, Anti, 
Pro/Anti battery was administered (totalling 2 min) during most conditions. However, 
during Severe exercise only Anti trials (totalling ~30 s) were completed due to 
decreased time of participants being able to sustain exercise, particularly while 
breathing additional CO2. The effect of time was tested by randomising the order of CO2 
within each level of exercise and repeating the cognitive battery 2 min after exercise, 
(i.e., at the end of each session; Post, Figure 5.1) to compare against baseline 
performance. 
5.3.3.2.3 Resting CO2‐Control Session 
To test for the effect of PETCO2 itself, each participant completed a resting session, 
wherein PETCO2 across conditions was matched to that which occurred in the exercising 




identical within-participants between exercising and CO2-control sessions. Additionally, 
if participants were randomised to complete the CO2-control session prior to the 
exercise session, their PETCO2 for relevant exercise intensities was taken from the 
VO2MAX test assessed during the familiarisation visit. 	
5.3.4 Measures 
5.3.4.1 Cognitive Testing (Pro, Anti, Pro/Anti) 
The cognitive battery used in this Chapter consisted of three tests (Pro, Anti, Pro/Anti) 
designed to measure choice response time, accuracy, inhibition and mental switching, as 
described in (White et al., 2017) and section 3.3.1. Refer to Figure 5.2 for a schematic of 
the experimental set up.  
Figure	5.2 Schematic of cognitive testing. Participants were asked to respond by button press as 
quickly as possible (without sacrificing accuracy) when stimulus appeared on the screen in front 
of them.   
Accuracy-adjusted response time (aRT) was used to account for any speed-accuracy 
trade-off.  
Furthermore, participants were asked to report their “feeling” (overall feeling state) 
during the Submax+HighCO2 conditions, using the 11 - point Affect Feeling Scale in 
Appendix J.1) (Giblin, 2011), from -5 to +5, where -5 represents the worst feeling 
imaginable, 0 is neutral, and +5 is the best feeling imaginable.  
5.3.4.2 Physiological Testing  
Physiological testing included continuous measures of the right MCA, BP (systolic, 
diastolic, and MAP), HR (using ECG), and NIRS-derived tissue oxygenation on the frontal 
lobe. Further detail on these measures is available in Chapter 3.  





(Hans-Rudolf 8980, Kansas City, MO) attached to a turbine and two-way valve. PETCO2 
was measured continuously using an online gas analyser (Model CD-3A Carbon Dioxide 
Analyser, AEI Technologies, Pittsburgh, USA). Accurate control of PETCO2 was achieved 
using a customised dynamic end-tidal clamping system (C.E.T. Gas Clamp, School of 
Physical Education, Sport and Exercise Sciences, University of Otago, Dunedin, NZ). 
Hypercapnic levels were achieved and maintained by controlled addition of 100% CO2 
into room air using solenoid-valve control. Cerebrovascular reactivity to CO2 (CVRCO2) 
was calculated by linear regression as the change in MCAvmean divided by changes in 
mean PETCO2 (cm/s/mm Hg).  
All data were sampled continuously using an analogue-to-digital converter (Powerlab 
/16SP ML795; ADInstruments, Dunedin, NZ) and stored for later analysis on Labchart 
software (version 7, ADInstruments). Data were analysed from 45-s epochs within 
steady state exercise (with the except of Severe exercise conditions) and hypercapnia.  
5.3.5 Data and Statistical Analysis  
Baseline characteristics of active verses inactive groups, measured during the CO2-
control sessions, were compared using multiple unpaired t-tests. ICC estimates and their 
95% confidence intervals were calculated based on a mean-rating, absolute agreement, 
2-way mixed-effects (test-retest) model. Consecutive pairwise comparisons of reliability 
from 2 sessions, as calculated by ICC, showed good (0.76-0.9) to excellent (>0.9) 
reliability between days (Table 5.1, as described by Koo and Li (2016)). To first test if 
exercise had any effect on cognition, we ran a two-way RM ANOVA using factors of 
exercise condition (i.e., baseline, submaximal [and severe exercise for Anti], and post-
exercise) and group (2 levels: active or inactive). The aRT data used for these RM 
ANOVAs were calculated as the difference between exercise and CO2-control sessions. 
This calculation acted as a time-control and was in addition to a randomised and 
counterbalanced experimental design. 
Primary and secondary outcome (i.e., cognitive and MCAvmean) data were analysed using 
linear mixed models. Session (Exercise and resting CO2-control), condition (e.g., Submax, 
Severe etc.), and group (i.e., inactive or active), along with their interactions, were 
treated as fixed factors. As is normal for mixed models, each participant was treated as a 
random variable. Linearity and approximate normal distribution of residuals was 




Shapiro-Wilk Tests. Akaike’s Information Criteria was used to determine the covariance 
structure (i.e., Autoregressive1), random and fixed effects and their structure, as well as 
model inclusion and weighting of model errors. Main effects or interactions determined 
to have an insignificant fit to the model are labelled as NS. Post-hoc testing was 
completed using a conservative Tukey’s p-value adjusted for multiple comparisons.  
If the assumptions of a parametric test were not	met, then a non-parametric rank-based 
method was used for analysis. Noguchi et al. (2012) developed an R package that allows 
for accurate and reliable analysis of longitudinal data in factorial settings.  In these 
circumstances, variables were analysed as a function of session, condition, and group. 
Post-hoc comparisons were completed using the R package above. P-values are reported 
from the ANOVA-type statistic.  
Key correlations were computed using Pearson linear regressions. Mixed model and 
nonparametric analysis were done using R (R Core Team, 2018, Vienna, Austria), while 
the remaining analysis was done using IBM SPSS (Version 25.0 for Windows, IBM 
Corporation, Armonk, NY, USA). Linear regressions and figures were completed using 
Graphpad Prism (Prism Version 8.00, GraphPad 382 Software, CA, USA). Data are 
expressed as means ± standard deviations (Table 5.3-5.4), with the corresponding 95% 
confidence intervals [lower limit, upper limit]. An alpha of 0.05 was chosen a	priori as 


















MCAvmean 0.93 0.83 0.97 
PETCO2 0.89 0.73 0.96 
HR 0.89 0.72 0.96 
Pro aRT 0.83 0.58 0.93 
Anti aRT 0.77 0.41 0.91 
Pro/Anti aRT 0.87 0.68 0.95 
 Abbreviations: MCAvmean, mean middle cerebral artery velocity; PETCO2, partial pressures of end-tidal 
CO2; HR, heart rate; aRT, accuracy-adjusted response time. N = 20.		
5.4 Results 		
A total of 10 active and 10 inactive adults completed the entire protocol. As evident in 
Table 5.2, active participants had a significantly higher VO2MAX compared to inactive 
participants, which corresponded to participating in more physical activity over the past 
6 months (5 ± 1 days per week of at least 30 min vs <3 days at 30 min). The inactive 
group were within the 40th to 50th percentile on average, and the active group were 
within the 70th to 80th percentile for their age and sex(American College of Sports 
Medicine author, 2018). 
Table	5.2 Participant characteristics at baseline.  
 
Note. Data presented as Mean ± SD. *p < 0.01 vs Active. Abbreviations: VO2MAX, maximal rate of 
oxygen consumption; CVRCO2, cerebrovascular hypercapnic reactivity; aRT, accuracy-adjusted 




Male (Female) 6   (4) 5   (5) 
Age (y) 26 ± 3 24 ± 6 
Weight (kg) 76 ± 20 67 ± 18 
Height (cm) 176 ± 10 172 ± 12 
VO2MAX (mL/min/kg) 52 ± 7 41 ± 7* 
Baseline:       
CVRCO2(∆cm/s/∆mm Hg) 1.56 ± 0.53 1.54 ± 0.66 
Pro (aRT) 348 ± 34 378 ± 57 
Anti (aRT) 396 ± 48 436 ± 90 




As per the experimental design, PETCO2 was successfully matched between sessions 
across conditions, wherein the means in each condition were ≤1 mm Hg different 
between sessions, except for POST (Figure 5.3A). Participants did not report negative 
affect during Submax+HighCO2 or Severe+CO2 conditions in either exercise or rest 
sessions (Feeling Scale; 0±1). Moreover, HRR was maintained at 56 ± 7% and 79 ± 8% 
during Submax and Severe conditions of the exercise session, respectively and 
regardless of group. Submax and Severe conditions from only the exercise session 
incrementally increased HR and systolic BP (session * condition interaction: all p ≤ 0.01 
vs baseline), regardless of clamped CO2 and group. For example, the Severe condition 
during the exercise session resulted in a HR 102 ± 56% higher than baseline (p < 0.01). 
This difference in HR remained when compared to the CO2-control (all p < 0.01). Active 
participants had significantly lower HRs compared to inactive participants (main effect: 




Table	5.3 Active (black) and inactive (grey) participant physiological data (Mean ± SD) during resting CO2-control (white columns) and exercise (grey 
columns) sessions.  
Note. Manual systolic and diastolic blood pressures for Severe conditions are reported from only 4 active and 4 inactive participants due to difficulty 
hearing Korsakov sounds during exercise. ΔPETCO2 is calculated from the respective condition’s baseline value and included for reference; Group values 
are for PETCO2 visible in Figure 5.3A. HbO2, tHb, and HHb are change scores from a zeroed baseline at the commencement of instrumentation. 
Abbreviations: Submax, poikilo-capnic submaximal exercise; Submax+HighCO2, submaximal exercise with hypercapnia; Severe, poikilo-capnic severe 
exercise; Severe+CO2, severe exercise with moderate hypercapnia; POST, post-exercise; MCAvmean, mean middle cerebral artery velocity; PETCO2, partial 
pressures of end-tidal CO2; HR, heart rate; MAP, mean arterial pressure, TOI, total oxygenation index; HbO2, oxygenated haemoglobin; HHb, de-oxygenated 





























Combined 	 	 4±2	 3±2*	 10±2	 10±2*	 ‐1±4	 ‐1±3	 4±2	 3±3*	 ‐2±3	 ‐4±2*#	
HR  
(bpm) 
Activeł 73±7 72±9 74±7 134±12*# 75±7 134±12*# 74±6 160±20*# 74±8 161±14*# 72±5 97±10*# 
Inactive 87±8 88±12 89±10 144±10 88±9 151±13 88±11 174±13 86±11 179±10 86±9 115±15 
Systolic BP 
(mm Hg) 
Active 121±12 119±9 122±7 135±13* 124±12 141±16*# 127±8 148±12*# 113±10 138±8*# 120±11 130±15 
Inactive 119±16 118±14 123±20 135±22 127±21 143±15 121±28 136±25 115±26 142±19 121±22 115±20 
Diastolic BP 
(mm Hg) 
Active 84±11 80±10 85±8 77±8 82±11 66±22 86±13 85±5 76±8 76±4 83±8 77±14 
Inactive 82±11 84±9 85±12 78±13 89±13 78±10 79±13 78±14 86±13 85±8 83±12 82±4 
TOI 
(%∆) 
Active 65±7 67±5 66±9 65±4 69±7 68±4 64±10 62±6* 67±8 64±4# 65±11 67±6 
Inactive 67±3 69±6 70±4 68±5 71±3 70±5 68±4 67±5 70±4 67±6 68±4 70±5 
HbO2 
(ΔµMol/cm) 
Active -38±54 -19±55 -62±53 12±74 -69±60 -6±90 -48±68 75±55 -57±60 66±96 -38±28 -14±60 
Inactive -6±20 -20±35 -42±24 -35±49 -41±19 -44±50 -28±36 -23±49 -41±30 -23±68 -32±28 -14±60 
HHb 
(ΔµMol/cm) 
Active 26±88 9±127 71±96 57±193 112±122 110±194 64±425 63±118*# 95±98 55±165*# 88±134 225±155 




12±119 -16±160 9±117 70±235 44±132* 105±273* 15±107 138±142*
# 39±85 121±253*# 50±94 212±188* 




Figure	5.3A‐D Cognitive performance on Pro (Panel B), Anti (Panel C), Pro/Anti (Panel D) tasks 
for exercise (black bar) and resting CO2-control (grey bar) sessions across conditions, for active 
(circle) and inactive (triangle) participants. For reference, the primary independent variable 
(PETCO2) is illustrated in Panel A. Despite individual PETCO2 being matched between sessions 
within 2 mm Hg, a main effect of Session occurred for PETCO2. This is likely driven by the 
unclamped POST condition. Abbreviations: aRT, accuracy adjusted response time; BL, baseline; 
Submax, poikilo-capnic submaximal exercise; Submax+HighCO2, submaximal exercise with 
hypercapnia; Severe, poikilo-capnic severe exercise (>80% HRR or >VT2); Severe+CO2, severe 




CO2. Mean ± SD. Statistics were calculated using absolute values. 
 
Figure	5.3	E Mean middle cerebral artery blood velocity (MCAvmean) for exercise (black 
bar) and resting CO2-control (grey bar) sessions across conditions, combined across 
groups. Abbreviations: aRT, accuracy adjusted response time; BL, baseline; Submax, 
poikilo-capnic submaximal exercise; Submax+HighCO2, submaximal exercise with 
hypercapnia; Severe, poikilo-capnic severe exercise (>80% HRR or >VT2); Severe+CO2, 
severe exercise with moderate hypercapnia; POST post-exercise. *p < 0.05 vs session-
relevant baseline, #p < 0.05 vs exercise condition. Mean ± SD.  
Adjusted Response time  
The preliminary analysis on the effect of acute exercise per	se on cognition, i.e., 
controlling for the effect of time, revealed a condition-by-group interaction (p=0.01), 
such that active individuals’ had 10% significantly better performance on visuomotor 
tasks during submaximal exercise ([-59, -9]; p=0.046), while the inactive group did not 
([-30, 20]; p=0.15). All other main effects and interactions for Anti and Pro/Anti tasks 
during or after exercise were non-significant (all p≥0.18). 
Results from the linear mixed model revealed that all cognitive trials - Pro, Anti, and 
Pro/Anti - revealed significant main effects of condition on aRT performance (p ≤ 0.01). 
However, there were no significant main effects of session (i.e., exercise vs resting CO2-
control; p ≥ 0.30) or group (p ≥ 0.41), and no interactions (p ≥ 0.24).  





slightly raised PETCO2 (+3 mm Hg), or additional hypercapnia (+10 mm Hg), regardless 
of session (i.e., no independent effect of exercise). In contrast to our hypothesis, Pro 
performance was worse during Submax (i.e., +3 mm Hg PETCO2) compared to resting 
baseline ([1, 29]; p=0.03) and POST ([5, 37]; p<0.01). Both Pro ([6,34]; p<0.01) and 
Pro/Anti ([1,31]; p=0.03) performance were worse during Submax+HighCO2 (i.e., +10 
mm Hg) compared to POST. Anti aRT was 6% better during Severe+CO2 (i.e., +3 mm Hg; 
[-4,-51]; p ≤ 0.03 vs baseline). Performance was better during POST for only Pro/Anti 
aRT ([-12,-53]; p < 0.01 vs baseline), regardless of session.  
5.4.1 Cerebral Haemodynamics (Table 5.3) 
There was no significant main effect of group (p = 0.42) or interactions (p ≥ 0.20) for 
MCAvmean between active and inactive groups (Figure 5.3E). However, MCAvmean showed 
a condition-by-session interaction (p < 0.01), such that MCAvmean was greater in the 
exercise session compared to the CO2-control session during Submax and Severe (+13 ± 
13% and +26 ± 27% respectively; p ≤ 0.03), and greater during Submax compared to 
baseline from the exercise session (p < 0.01). There was no difference in MCAvmean 
between Submax and Severe (p > 0.99), nor Severe and baseline (p = 0.33) in the 
exercise session. MCAvmean was also not different during POST conditions (p ≥ 0.13 vs 
CO2-control session and within the exercise session vs. baseline). 
Furthermore, in the CO2-control session, MCAvmean increased during Submax+HighCO2 
(+27 ± 12%; p < 0.01 vs baseline), but not during Submax (p=0.22 vs baseline). In the 
exercise session, Severe+CO2 resulted in higher MCAvmean than during Severe (+15 ± 
10%; p<0.01). This difference was not as clear in the CO2-control session (+14 ± 15%; 
p=0.07).  
Lastly, the NIRS-derived data from over the frontal lobe (Table 5.4) showed that tHb was 
increased during hypercapnia (p < 0.01) and after exercise (POST vs exercising baseline; 
p < 0.01). TOI was significantly reduced during Severe exercise (p < 0.01 vs baseline), 
simultaneous to increases of HHb and tHb (both p ≤ 0.03).  
5.4.2 Correlations between cerebrovascular and cognitive variables 
As hypothesised, cardiorespiratory fitness (VO2MAX) was associated with aRT (all p ≤ 
0.03; Figure 5.4), and explained 25% of both Pro and Anti, and 32% of Pro/Anti 
performance variability at baseline. However, slightly raised PETCO2 (i.e., +3 mm Hg) 




exercise and/or CO2-control session PETCO2 values (i.e., Submax, Submax+HighCO2, 
POST) did not reliably support that an acute increase in PETCO2 was beneficial for 
cognitive performance (Figure 5.5). Furthermore, the resultant increase in MCAvmean did 
not appear to associate with changes in cognitive performance, regardless of session 
(Figure 5.5).  
Figure	5.4  Aerobic fitness (i.e., VO2MAX) is significantly (p ≤ 0.03) associated with accuracy-





Figure	5.5 	Individual regressions for active (dark shaded lines) and inactive (light 
shaded lines) participants, illustrating changes in partial pressures of end-tidal CO2 
(PETCO2; panels A, C, E) and mean middle cerebral artery velocity (MCAvmean; panels 
B, D, F) with changes in accuracy-adjusted response time (aRT) during normo- and 
hyper-capnia conditions (i.e., Submax, Submax+HighCO2 and POST) from exercise and 
CO2-control sessions. The mean slope and intercept were calculated across groups and 







The main findings of this study were that exercise-related changes in cognition were not 
evidently mediated by concomitant changes in PETCO2 or CBF, regardless of aerobic 
fitness or level of physical activity. In opposition to our hypothesis, exercise-related 
increases in PETCO2 did not result in cognitive improvements – rather, both mild and 
more substantial hypercapnia impaired visuomotor response performance. As 
hypothesised, fitness had a positive association with cognitive performance as rest, and 
only the physically active group experienced cognitive benefit during moderate-
intensity exercise. 
5.5.1 Effect of CO2 and Exercise  
The aim for the current study was to resolve if the cognitive benefit of acute exercise is 
mediated, at least in part, by PETCO2 and the related changes in CBF (as indicated from 
MCAvmean). Importantly, submaximal exercise improved visuomotor performance in the 
active group, but not the inactive group. However, mixed model analysis incorporating 
all levels of exercise condition and CO2 status did not reveal a main effect of exercise per	
se on cognitive performance (Figure 5.3), presumably reflecting its lower statistical 
power Thus, our results indicate that concomitant changes in PETCO2 may	be a 
contributing factor to cognitive performance during acute exercise. However, upon 
further investigation with linear regression, acute changes in PETCO2 and MCAvmean 
were not	measurably	associated with changes in cognitive performance (Figure 5.5). 
Overall, our results show that CO2 is not a clearly mediating factor behind acute, 
exercise-related cognitive improvement.  
Our results may appear to contradict each other; i.e., the possible CO2 contribution from 
our mixed model analysis contrasted against the lack of association between changes in 
PETCO2 and cognitive performance. Although submaximal exercise improved cognitive 
performance, we found no effect during severe conditions or after	exercise. Importantly 
this analysis included a time-control. Therefore, it is likely that the lack of significant 
improvement after exercise reflects a time-related effect. Many studies reporting 
cognitive benefits after exercise have not used a time control, so future research should. 
The lack of significance may also be due to the variability between participants in 
cognitive performance; however, this was minimised by the within-subject analysis. 




previous meta-regression revealed that pooled cognitive performance was impaired 
with treadmill running but improved with cycling (Lambourne and Tomporowski, 
2010). Cycling may have produced a greater cognitive benefit than treadmill walking. 
The current study used treadmill walking as an accessible and universally familiar mode 
of exercise - likely to result in maximal effort with central fatigue, rather than premature 
locomotor muscle fatigue in the legs (McKay and Banister, 1976). 
Importantly, the current study showed that hypercapnia impairs cognitive performance 
on response time tasks, at rest and during	submaximal exercise. Previous research 
supports that too little (<32 mm Hg (Karavidas et al., 2010, Marangoni and Hurford, 
1990)); or too much (>47 mm Hg (Fothergill et al., 1991 )) CO2 may impair cognitive 
performance. Those findings could be explained by the suppressive effect of 
hypercapnia on brain activity, despite increases in flow. Hypercapnia (50±1 mm Hg) 
reduces metabolic activity by 13% in humans (Xu et al., 2011) and reduces spontaneous 
brain connectivity in adult monkeys (Zappe et al., 2008). In contrast, Sheehy et al. 
(1982) found that unknown levels of hypercapnia (inhalation of 4 and 5% CO2 gas 
concentration; likely between 40 and 50 mm Hg) did not affect cognitive performance 
on short-term memory or reasoning tasks during and after exercise. The current study 
found that even mild hypercapnia may negatively affect cognitive performance on 
response time tasks. Similarly, hypocapnia is often associated with poor cognitive 
performance, particularly in contexts of stress-related hyperventilation (Karavidas et al., 
2010, Marangoni and Hurford, 1990). Although the current study did not seek to induce 
or analyse overt hypocapnia, it appears that decreases in PETCO2 may have led to worse 
inhibitory performance (Figure 5.5D). However, the causal association of hypocapnia 
and poor cognitive performance remains to be elucidated.  
5.5.2 Effect of Cerebral Blood Flow 
The CBF response to incremental exercise intensities is well known (as summarised by 
Smith and Ainslie (2017)). As reported in Table 5.3, while CBF may increase with 
submaximal intensities, it drops close to or below baseline with high to severe 
intensities above VT2. Although the current study was able to match individual-specific 
changes in PETCO2 during exercise and at rest, it was not designed to match the 
magnitude of CBF change between exercise and resting conditions. For example, we did 
not control the influence of BP and CO on CBF during exercise, which may explain the 




Similarly, we did not control the influence that hypercapnia may have on MAP (Table 
5.3). Influences outside of PETCO2 (e.g., MAP) also increased MCAvmean, thus explaining 
the 14% increase during Submax (vs. CO2-control; Table 5.3, Figure 5.3). However, the 
primary aim of this study was to manipulate PETCO2 to evaluate its influence on 
exercise-related cognitive improvement. This was best completed using a resting time- 
and PETCO2-control with the limitation of changes in perfusion pressure, shear rate, and 
sympathetic activation potentially confounding our results. However, the purpose of this 
study was to assess the role of PETCO2 per	se on cognition during exercise. That being 
said, PETCO2 may exert its impact on cognition via multiple effects (i.e., MAP and SNA), 
so preventing such changes would be beyond the aim of this study. 
Severe exercise can lead to a decrease in CBF but also a ~30% increase in the cerebral 
metabolic rate of oxygen (Smith and Ainslie, 2017) and increases in circulating 
(cerebral) lactate (Hashimoto et al., 2017, Quistorff et al., 2008, Van Hall et al., 2009, 
Kemppainen et al., 2005). In the current study, NIRS-derived measures of cerebral 
oxygen metabolism (Table 4) support an increase in metabolism during Severe exercise. 
Combined across groups, total oxygenation index (TOI) and total haemoglobin 
concentration (tHb) appear to have decreased during maximal exercise (p < 0.01 vs 
baseline), largely due to an increase in de-oxygenated haemoglobin (HHb; p < 0.01 vs 
baseline) rather than a change in oxygenated haemoglobin (HbO2; p = NS). While the 
current study did not measure blood lactate or its brain uptake, it is reasonable to 
presume that our participants would have blood lactate levels of 3 to 6 mMol/L, similar 
to that reported of cyclists working at intensities above VT2 (Pallarés et al., 2016, 
Ahmaidi et al., 1993) and those reported by (Hashimoto et al., 2017). Increased brain 
lactate uptake during severe intensity interval exercise (80-90% of maximal workload) 
has been correlated to improvements in Stroop (executive function) performance 
(Hashimoto et al., 2017). The current study found significant cognitive improvements 
during Severe+CO2 conditions (combined across exercise and CO2-control sessions). 
Although this effect may be driven by the exercise itself (Figure 5.3), the lack of 
statistical interaction prohibits further exploration within the present data.  
There was no clear association between cognitive performance and either PETCO2 or 
MCAvmean. As evident from Figure 5.5, increasing MCAvmean at rest or during exercise 
with two levels of hypercapnia did not appear to benefit cognitive performance on any 




MCAvmean is associated with a cognitive benefit. While it may be well accepted that many 
domains of cognition (but particularly executive function) improve during and shortly 
after exercise, the current data indicate that the exercise-related increases in PETCO2 
and MCAvmean are not the sole drivers behind improved response time performance. 
Therefore, improved cognition may not require an increase in cerebral perfusion above 
the level required to avoid neuronal death.  
5.5.3 Effect of Fitness 
Fitness, as determined by the criterion measure, VO2MAX, was associated with baseline 
aRT for Pro, Anti and Pro/Anti aRT (Figure 5.4). Our results agree with Dupuy et al. 
(2015) who reported that women of higher fitness (i.e., VO2MAX) had faster response 
times, simultaneous to significantly higher cerebral oxygenation. In further agreement 
with our results, Pereira et al. (2007) reported 3 months of aerobic training improved 
verbal learning; i.e., higher learning was associated with larger increases in VO2MAX. This 
cognitive benefit of a higher VO2MAX could be due to enhanced cerebral perfusion 
associated with cardiovascular fitness (Stimpson et al., 2018), which is known to 
increase cerebral blood volume and neurogenesis in mice models (Pereira et al., 2007). 
Cardiovascular fitness has also been shown to enhance endothelial function in the brains 
of mice (Gertz et al., 2006). Thus, cardiorespiratory fitness may promote the 
mechanisms necessary for long-term angiogenesis and improved cerebral circulation 
(Stimpson et al., 2018).  
Previous research indicates that individual fitness level is associated with acute 
cognitive performance during exercise (section 2.2.2.3). In agreement, the current study 
found that the active group had improved response performance during submaximal 
exercise, while the inactive group did not. This may be due to the transient 
hypofrontality hypothesis whereby individuals with higher fitness require fewer neural 
and metabolic resources for exercise, and thus have more available for cognitive 
performance (Dietrich, 2006). In support of this hypothesis, Chang et al. (2012) reported 
that only highly fit individuals experience acute exercise-related benefits for cognitive 
performance, measured during exercise. Furthermore, Dupuy et al. (2015) theorised 
that less fit individuals may have a higher stress response to cognitive tasks, thus 
increasing sympathetic nervous activity and negatively affecting cerebral oxygenation, 
resulting in poorer cognition. The present data indicate that those who are more 




response performance during submaximal exercise, while the inactive group did not. 
Although habitual physical activity and aerobic fitness are related, they are not 
necessarily interchangeable (discussed in section 2.2.2.3). For example, aerobic fitness 
can be modified through changes in daily physical activity, but in addition to physical 
activity, aerobic fitness is the result of physiologic, genetic, and environmental factors 
(DeFina et al., 2015). Although the current study grouped participants based on self-
reported physical activity, and not by cardiorespiratory fitness, both have been 
independently linked with aspects of cognitive function and	cerebrovascular regulation 
(Guiney et al., 2015). Furthermore, our group differences in VO2MAX are similar to those 
of Brisswalter et al. (1997), who found a difference in simple response time between 
those considered highly fit (64 ± 2 mL/min/kg) and those with lower fitness (42 ± 3 
mL/min/kg) during moderate-intensity exercise. Therefore, our data indicate that 
baseline response time is associated with aerobic fitness, while the acute performance-
benefit during	exercise may depend on habitual physical activity.  
5.5.4 Limitations 
Limitations are evident in the current study. First, our results represent only one aspect 
of cognition, and cannot be transferred to other domains of cognitive functioning. 
However, choice response time is one of the most commonly reported executive 
functions to improve during exercise and was chosen accordingly. Second, our results 
cannot be transferred to older or clinical populations, or to the posterior cerebro-
vasculature. Older adults show large cognitive improvements with exercise training 
(Kramer et al., 2006). Furthermore, higher fitness appears protective against age-related 
reductions in CBF (Ainslie et al., 2008). It is also possible that older individuals, who 
have lower baseline CBF would be more cognitively-sensitive to acute increases in CBF. 
Third, this study was not powered to test for any sex differences. Females may have 
higher CBF than males (Krause et al., 2006), therefore any influence of sex may have 
appeared as heightened MCAvmean in the inactive group due to a higher proportion of 
females.  However, no difference between groups was evident. Fourth, we held the usual 
assumption that hypercapnia increases flow by dilation of downstream vessels without 
a meaningful change (increase) in MCA diameter. However, it has recently become 
evident that hypercapnia does dilate the MCA, albeit by a small amount (Al-Khazraji et 
al., 2018). Importantly, this would not invalidate the present findings or implications 




underestimation of total change in flow. Fifth, we cannot rule out the possibility that the 
inactive group had a heightened stress perception to the required exercise. Normally, as 
discussed in Chapter 4, acute mental stress increases MAP, HR, and MCAvmean. The 
present study found no significant difference between groups. The seemingly 
heightened MCAvmean and HR in the baseline condition is consistent for both sessions, 
illustrating that the inactive group was not any more	anxious about the exercise per	se. 
Furthermore, it is likely that a stress response would consist of hyperventilation, 
lowering PETCO2 and counteracting the effects of stress-related increased MAP. This 
study did not include a condition whereby PETCO2 was lowered during exercise and 
rest. However, due to the inability of our clamping system to clamp at hypocapnia, 
participants would be required to hyperventilate which would result in a large 
distraction effect and negative bias on concurrent cognitive measures. Lastly, with a 
sample size of 18, we had 80% power to detect a small to medium effect size (ꞃp2 = 
0.04) for 12 observations in 2 groups. It is plausible that the true effect size is smaller 
than our current power, and our conclusion is thus a type 2 error.  
5.6 Conclusion 
The current study investigated whether exercise-related changes in cognition are 
mediated at least in part by concomitant changes in PETCO2, and resultant changes in 
MCAvmean, in physically active and inactive young adults. We did not find evidence to 
support that exercise-related changes in cognition were mediated by concomitant 
changes in PETCO2 or CBF, regardless of aerobic fitness or level of physical activity. In 
opposition to our hypothesis, exercise-related increases in PETCO2 did not result in 
cognitive improvements. Unexpectedly, mild hypercapnia impaired visuomotor 
response performance. Expectedly, visuomotor response performance was also 
impaired with more substantial hypercapnia.  
In support of existing literature, we report that cardiorespiratory fitness is associated 
with baseline cognitive performance on a response time task and that more physically 
active individuals experience a heightened cognitive benefit from submaximal exercise. 
Therefore, the commonly discussed acute “cognitive benefit of exercise” is multifactorial 
and not simply due to increased PETCO2 or cerebral perfusion. Stimpson et al. (2018)’s 
review on the physiological understanding of exercise and cognition (in an acute and 
chronic sense) stated that any cognitive benefits likely arise from multiple mechanisms, 




should investigate other physiological factors that occur during exercise (e.g., 









This thesis was designed to examine the association (if any) between changes in CBF 
and cognition, particularly during exercise. Prior to the completion of Chapter Five, and 
this thesis in its entirety, it was proposed that the cognitive benefit from exercise may be 
associated with the acute, exercise-related increase in cerebral blood flow (Ogoh, 2017). 
However, as evident from Chapter Five, it soon became apparent that any cognitive 
benefit from exercise may arise from means other than increased perfusion.  The current 
study (Chapter Six) was designed and implemented prior to full data analysis of Chapter 
Five. Thus, it is presented with the assumption that there may be a relation between 
cognitive performance and changes in CBF. That aside, swimming is a relatively novel 
exercise in terms of understanding its acute cerebrovascular regulation and potential to 
affect cognitive performance. Thus, the results and interpretations from this study offer 
a valuable addition to the body of literature for both physiological and psychological 
science.   
6.2 Abstract  
Both acute and regular exercise influence vascular and cognitive function. Upright 
aquatic exercise increases MCAvmean and has been suggested as favourable for 
cerebrovascular adaptations. However, MCAvmean has not been reported during 
swimming. Thus, we examined the cerebrovascular and cognitive effects of swimming. 
Ten land-based athletes (22±5 y) and eight swimmers (19±1 y) completed three 
cognitive tasks and 4 conditions that were used to independently and collectively 
delineate the swimming-related factors (i.e., posture, immersion, CO2 retention 
(PETCO2) and motor involvement). Measurements of MCAvmean and PETCO2 were taken 
throughout each condition. Prone posture increased MCAvmean by 11% (p<0.01 vs 
upright land). Water immersion independently increased MCAvmean when upright (12%; 
p<0.01) but not prone (p=0.76). The consequent rise in PETCO2 during head-out, breast-
stroke swimming (50% HRR) independently increased MCAvmean by 14% (p<0.01), while 




(p=0.32). While accounting for sex, swimmers had ~17% lower MCAvmean during all rest 
conditions (p≤0.05). However, in a subset of participants, both groups had similar 
internal carotid artery diameters (p=0.99) and velocities (p=0.97). Water immersion per	
se did not alter cognition (p≥0.15), but 20 minutes of moderate-intensity swimming 
improved visuomotor performance by 4% (p=0.03), regardless of athlete group 
(p=0.12). In conclusion, breast-stroke swimming increased MCAvmean mostly due to 
postural and PETCO2 effects, with minimal contributions from water immersion or 
motor activity. Lastly, swimming improved cognitive functioning acutely, regardless of 
athlete group. Future research should explore the chronic effects of swimming on 
cerebrovascular function and cognition, particularly in aging. 
6.3 Introduction  
The regulation of cerebral perfusion during dynamic exercise is well established. For 
example, it has been previously shown that leg-based dynamic exercise, such as cycling 
(Hellstrom et al., 1996, Jorgensen et al., 1992, Ogoh and Ainslie, 2009), recumbent 
stepping (Billinger et al., 2017), and treadmill running (Jiang et al., 1995) increase 
cerebral perfusion through the independent and interactive factors involved in CBF 
regulation (e.g., BP, CO and alterations in arterial CO2) (Ide and Secher, 2000, Ogoh and 
Ainslie, 2009). Furthermore, upright leg-based, aquatic exercise has recently been 
shown to augment the increase in CBFv compared to intensity-matched land exercise 
(Parfitt et al., 2017).  
Water immersion itself has numerous pronounced cardiorespiratory effects that directly 
influence cerebral perfusion control. For example, hydrostatic pressure increases stroke 
volume and MAP despite the counteractive decrease in HR. These cardiac-related 
factors, in combination with immersion-associated CO2 retention may be the cause of 
increased CBFv during water immersion (Carter et al., 2014, Pugh et al., 2014). 
Additional factors different from land-based or other water-based exercise, may further 
influence cerebral perfusion control; e.g., prone posture, hydrostatic-related changes in 
systolic BP and MAP, intrinsic and extrinsic influences on stroke volume, and increased 
neurovascular coupling due to mainly increased somatosensory and motor involvement. 
However, while swimming presents a unique stimulus for cerebral perfusion in regard 
to regulatory mechanisms, its cerebrovascular effects have not been examined in either 




effects of these factors on cerebral perfusion been examined.  
Cognition – a key and complex role of the brain – benefits from acute bouts of exercise 
(Chang et al., 2012). Acutely, response time appears to be improved after 20 min 
durations (Brisswalter et al., 2002) of moderate-intensity exercise (McMorris and Hale, 
2012). Although there are data supporting the cognitive-benefit of swim training in 
older individuals (Hawkins et al., 1992, Vasegowda, 2018, Abou-Dest et al., 2012), there 
remains little information for young adults, particularly when measured in an acute 
setting. Furthermore, it remains unclear if the cognitive-benefit of acute exercise is 
affected by training-specificity (Lambourne and Tomporowski, 2010, Pesce, 2009). 
Therefore, the primary aim of this study was to determine the cerebrovascular response 
to moderate-intensity swimming and identify the independent and combined effects of: 
(1) posture, (2) water immersion, (3) CO2 retention, and (4) motor involvement. A 
secondary aim was to examine the effect of moderate-intensity swimming and related-
changes in CBFv on different aspects of cognition. We examined these questions in 18 
people who were regularly physically active – almost half of whom were trained 
swimmers. Based on previous literature, performance on a multi-level response time 




This study was approved by the University of Otago Human Ethics committee 
(H16/143) and conducted in accordance with the standards set by the Declaration of 
Helsinki. Written and informed consent (Appendix F) was obtained from all participants 
prior to any data collection. 
6.4.2 Participants  
Ten land-based recreational athletes and eight swimmers volunteered for the study. 
Participant characteristics are illustrated in Table 6.1. One female participant was in her 
follicular phase of menstrual cycle, with the remaining eight in luteal phase or on oral 
contraception (active pill phase). All participants were non-smokers and apparently free 
from neurological, cerebro- and cardiovascular, or psychological disorders. Participants 




exercise and alcohol for 12 hours, and caffeine, food and moderate exercise for a 
minimum of 2 hours. All participants reported (Appendix J.4) being moderately to very 
physically active. Majority of participants (15/18) had a VO2max within or above the 80th 
percentile, as determined by ACSM aerobic fitness classifications by age and sex 
(American College of Sports Medicine author, 2018). The remaining three were above 
the 50th (2/18) and 75th (1/18) percentiles for their age and sex group.  
	Table	6.1 Participant characteristics 
 
 Land-based Athletes  Swimmers  
Sample size 10 (6 female) 8 (3 female) 
Age (y) 22 ± 5 19 ± 1  
Height (cm) 175 ± 6 179 ± 10 
Mass (kg) 68 ± 5 76 ± 10 
VO2max (mL/min/kg) 54 ± 6 56 ± 10 
Swimming 50% HRR (bpm) 130 ± 8 132 ± 9 
ICA diameter (cm) 4.9 ± 0.5 4.9 ± 0.6 
ICA velocity (cm/s) 39.8 ± 8.7 39.6 ± 10.0 
Note. Mean ± SD; Between group differences all p≥0.09; VO2max, maximal rate of oxygen 
consumed; HRR, heart rate reserve; ICA, internal carotid artery (N=8 [3 male] and 5 [3 male] for 
land-based athletes and swimmers, respectively).   
6.4.3 Experimental Procedures  
All testing was completed in the swimming flume and adjacent laboratory at the School 
of Physical Education, Sport and Exercise Sciences (University of Otago, Dunedin, NZ). 
Each participant first completed a familiarisation session, followed by an experimental 
session wherein the swimming-related effects on CBFv were delineated via 8 conditions 
(Figure 6.1). The familiarisation and experimental sessions occurred at similar times of 
day within participants. Between groups, an equal number of sessions occurred in the 






Figure	6.1 Protocol schematic of 8 conditions used to characterise the separate and combined 
effects of the swimming-related factors on cerebral blood flow. The order of conditions on land 
(1-4) and in water (5-7) were randomised across participants. Participants completed a 
cognitive battery (indicated by a puzzle piece) on land and in water before and after a 20 min, 
moderate-intensity breast-stroke swim. The +CO2 represents a CO2 stimulus to match each 
individual’s 50% HRR swimming poikilo-capnia obtained during the familiarisation session. 
HRR, heart rate reserve. Photos are given for each condition in Appendix G.   
6.4.3.1 Familiarisation  
This session familiarised all participants to the protocol and equipment and obtained 
individual VO2max and HRR. To ensure participants were suitable for exercise, all 
completed the Physical Activity Readiness Questionnaire (Appendix J.2). Upon 
instrumentation, VO2max was first determined from an incremental running test. Heart 
rate and breath-by-breath gas analysis (Quark CPET, COSMED, Italy) were recorded 
during a step-incremental maximal exertion protocol. A successful test was determined 
by at least two of the following criteria from Edvardsen et al. (2014): HR ≥ 85% of age-
predicted maximum (220 – age), a respiratory exchange ratio value of ≥ 1.10, a plateau 
in VO2 (<150 mL/min) despite an increase in workload, and a failure to maintain the 
workload.  
As HR is lower in water than on land for the same exercise (Parfitt et al., 2017), a 
maximal swim test was undertaken 45 min after the treadmill VO2max test, to determine 
each participant’s swimming-specific HRR. After being briefly familiarised to head-out 
breast-stroke technique and instructed to breath as normal for swimming, participants 
swam head-out breast-stroke for incremental 2-min stages, until exhaustion. Maximal 
swimming velocities ranged from 0.5 to 1.3 m/s. The PETCO2 and HR were recorded 
during this test, and the value (averaged across 30 sec) at 50% HRR was used during the 
following experimental session. Due to the complexity of the breast-stroke swimming 




max test. However, only two participants requested further instruction. Before and after 
these two fitness tests, participants practiced a cognitive battery, described below and in 
section 3.3.1. 
6.4.3.2 Experimental Session 
 The second session assessed the independent and combined effects of the 4 swimming-
related factors that could affect cerebrovascular function; (1) posture (i.e., prone vs 
upright), (2) hydrostatic pressure (i.e., water immersion), (3) increased PETCO2, and (4) 
motor involvement (i.e., breast-stroke swimming,). The postures were compared on land 
and with water immersion, with (+8 ± 4 mm Hg) and without increased PETCO2. The 
PETCO2 level was matched to the individual’s PETCO2 values whist swimming at 50% of 
HRR from the max test during the familiarisation session. Each of 8 conditions (Figure 
6.1) lasted a minimum of 5 minutes, with additional time between conditions to allow 
for recovery. The CO2 wash-in period was a minimum of 1 min and wash-out was a 
minimum of 5 min, depending on randomisation. To confidently report steady-state 
physiological measures, data were collected (i.e., MAP, PETCO2 etc.) and allocated for 
analysis after a minimum of 3 min in each condition. All four land conditions occurred in 
randomised order, as did the first 3 water-immersed conditions. Land conditions always 
occurred prior to any water immersion. This was to avoid potential reductions in core 
temperature which would have been caused by enhanced heat offload due to 
participants being wet following water immersion, and associate temperature and wet 
clothes/skin discomfort. 
A 20 min, moderate-intensity, head-up breast-stroke swim was maintained at 50% HRR, 
with water velocity adjusted to accommodate the drift in HR. Cognitive testing (lasting 
~2 min) was completed while participants stood in an upright posture on land and in 
water before and immediately after the 20 min swim. 
6.4.3.3 Water Immersion  
Pilot testing confirmed the flume water temperature to be controlled at 30°C (within a 
range of 28 to 30°C), as a compromise between being cold stressful during rest and heat 
stressful during sustained swimming. While in an upright posture, immersion depth was 
controlled at approximately the level of the right atrium. For the prone posture with 
water immersion, participants were prone with their head up and arms extended 





This study used TCD measures of MCAv. Pulsatility index (PI) was calculated as MCAv 
end-diastolic velocity subtracted from peak systolic velocity and divided by MCAvmean. 
Heart rate was derived from the MCAv waveform. BP was taken during each condition 
with an automated BP cuff with tubing extension (OMRON HEM-7322, OMRON 
Healthcare CO. Ltd, Kyoto, Japan). MAP is reported as the weighted systolic (1/3) and 
diastolic (2/3), averaged across 3 repeated measurements.  
For all land-based VO2max tests, participants breathed through a leak-free respiratory 
mask (Hans-Rudolf 8980, Kansas City, MO, USA) attached to a turbine (Quark CPET, 
COSMED, Italy). For all maximal breast-stroke swimming tests, PETCO2 was measured 
continuously using a modified 3-inch snorkel, with a respiratory gas sample line and an 
online gas analyser (Model CD-3A Carbon Dioxide Analyser, AEI Technologies, Bastrop, 
Texas, USA). A customised dynamic end-tidal clamping system (C.E.T. Gas Clamp, School 
of Physical Education, Sport and Exercise Sciences, University of Otago, Dunedin, NZ) 
accurately controlled PETCO2 within 2 minutes and 2 mm Hg using a two-way non-
rebreathing valve and leak-free respiratory mask.  
Cognitive performance on Pro, Anti, and Pro/Anti tasks. To account for speed-accuracy 
trade off, aRT (median correct response time / (1-error rate)) was calculated for each of 
three cognitive tasks. We have found that aRT is a reliable measure across time with ICC 
coefficients of 0.92, 0.86 and 0.92 for Pro, Anti, and Pro/Anti respectively, when 
comparing two trials 2 hours apart (n=25; Chapter 7, Table 7.3). 
To validate an initial finding (discussed below), 13 available participants (5 swimmers 
and 8 land-based athletes; 3 males in each group) attended the laboratory for a brief 
follow-up measurement of their internal carotid artery (ICA) diameter and velocity. 
Measurements were in supine posture, using ultrasound (Terason T3300, Teratech, 
Burlington, MA, USA) with a 15 MHz linear array transducer by simultaneously 
recording a longitudinal section B-mode image of the artery and a spectral Doppler trace 
of blood velocity. Measurements were made ~2 cm distal to the carotid bifurcation 
according to published guidelines (Thomas et al., 2015). Screen recording software 
(Camtasia Studio 8, TechSmith, Okemos, MI, USA) captured the screen in a video file for 
later offline analysis. Wall tracking software (Cardiovascular Suite v 3.5.3, Quipu, Pisa, 




reliability (coefficient of variation) for this operator (K.T.) using this software for 
diameter and velocity were 0.4% and 2.1%, respectively (n = 10). 
6.4.5 Data and Statistical Analysis 
 Statistics for confirmation of normality and changes in primary outcome variables were 
calculated using IBM SPSS (Version 25.0 for Windows, IBM Corporation, Armonk, NY) 
and graphed with GraphPad Prism (Prism Version 7, GraphPad Software, CA, USA). 
Student t-tests were used to compare baseline values between groups and compare the 
relevant physiological outcomes during 50% HRR swimming to baseline. MCAvmean was 
assessed using four separate mixed 2-way repeated measures (RM) analyses of 
covariance (ANCOVA) allowing for the analysis of group effects (2 levels; swimmers vs. 
land-based athletes) with each of the following: posture (2 levels; prone vs. upright), 
prone water immersion (2 levels; land vs. water), PETCO2 (2 levels; prone in water with 
vs. without clamped PETCO2), or swimming (2 levels; passive streamline position with 
raised PETCO2 vs. active swimming), while controlling for sex. Sex was included as a 
covariate due to the sex-proportion differences between groups, and because it has been 
shown that females have higher baseline MCAvmean than males (e.g., (Peltonen et al., 
2015a)). Similarly, four 2-way RM ANOVA were used to analyse the effects of posture, 
water immersion, PETCO2, and swimming for secondary physiological outcomes such as 
MAP, HR, and PETCO2. Additionally, two 2-way RM ANOVAs were run to consider 
cognitive performance (i.e., Pro, Anti, and Pro/Anti aRT) in relation to group and upright 
water immersion (2 levels; land vs. water) or swimming (2 levels; pre- vs. post-swim). 
An α of 0.05 was used for each ANCOVA and ANOVA. Data are reported as mean ± 
standard deviations. Effect sizes are reported as partial eta-squares (ꞃp2) and can be 
interpreted as small (≤0.01), medium (0.06), or large (≥0.14) effects (Cohen, 1977, 





All 18 participants successfully completed the original protocol requirements. Due to 
availability, only 13 participants completed the additional carotid ultrasound.  
Swimmers had an overall ~17% lower MCAvmean during normocapnic conditions (group 
effect: p ≤ 0.049, ꞃp2 ≥ 0.24, Figure 6.2B), but their hypercapnic reactivity was similar to 
that of land-based athletes (p = 0.21). Furthermore, no differences were evident for 
MAP, systolic or diastolic BPs, or HR (all p ≥ 0.66). Subsequent ultrasound data indicated 
no difference between ICA diameter (4.9 ± 0.5 vs. 4.9 ± 0.6 cm, p = 0.99) or velocity (39.8 
± 8.7 vs. 39.6±10.0 cm/s, p = 0.97) between land-based athletes (N = 8) and swimmers 
(N = 5). However, MCAvmean in a matched posture (i.e., prone) for the subset of 
participants who underwent ultrasound remained significantly lower in swimmers (i.e., 
77 ± 9 vs. 59 ± 7 cm/s, p < 0.01).  
6.5.1 Delineation of Swimming Related Effects on MCAvmean (Figure 6.2, Table 6.1) 
	After controlling for sex, the two groups showed similar MCAvmean responses to changes 
in posture, water immersion, and alterations in PETCO2 (interactions: p ≥ 0.19). While 
on land, a prone posture increased MCAvmean by 11% (p < 0.01 vs. upright posture, ꞃp2 = 
0.54). Water immersion, while in a prone posture, did not reliably change MCAvmean (p = 
0.76), but immersion in an upright posture increased MCAvmean by 12% (p < 0.01 vs. 
upright on land, ꞃp2 = 0.62).  
Breast-stroke swimming at 50% HRR, compared to upright posture on land, increased 
HR by 51 ± 21 bpm, MCAvmean by 14 ± 9 cm/s, and PETCO2 by 8 ± 4 mm Hg (all p<0.01), 
regardless of group. The change in PETCO2 was independently associated with a 14% 
increase of MCAvmean (p < 0.01, ꞃp2 = 0.61). Hypercapnic reactivity in a prone posture 
was not different between land and water (p = 0.49), or an upright posture (p = 0.97). 
Lastly, the motor involvement from head-up, breast-stroke swimming had no significant 
influence on MCAvmean (p = 0.32), relative to the posture-, PETCO2-, and immersion- 




Figure	6.2Characterisation of MCAvmean responses to changes in posture, water immersion, 
PETCO2, and swimming. MCAvmean, mean middle cerebral artery blood velocity; PETCO2, 
pressures of end-tidal CO2. Each comparison represents a separate ANCOVA analysis (run on 





Prone posture decreased MAP by 5% (p=0.01 vs upright land, ꞃp2 = 0.38), 
corresponding to a significant decrease in diastolic BP (11%; p < 0.01, ꞃp2 = 0.49) and 
HR (20%; p < 0.01, ꞃp2 = 0.75). Water immersion tended to increase MAP (p ≥ 0.06) but 
did not change HR (p = 0.99). Hypercapnia (+8 mm Hg) during prone-posture water 
immersion significantly increased HR, by 9% (p < 0.01), but not MAP (p = 0.78). The 
motor involvement of swimming per	se	increased HR by 112% compared to a posture-, 
PETCO2-, and immersion- matched condition (p < 0.01, ꞃp2 = 0.97).  
6.5.3 Cognition  
Whereas water immersion increased MCAvmean in an upright posture it did not reliably 
alter cognition, regardless of athlete group or cognitive test (all p ≥ 0.15; Figure 6.3). 
Twenty minutes of mild-intensity swimming improved subsequent Pro trial aRT by 4% 
(p = 0.01, ꞃp2=0.36), independent of athlete type (interaction: p = 0.75). This 
improvement was attributable to a 3% faster response time (15 ± 20 ms) without 
compromising accuracy (which was 100%). No further effects of swimming were 
evident for Anti or Pro/Anti trials (all p ≥ 0.21). The improvement in performance of Pro 
trials tended to be associated (r = 0.44; p = 0.08) with decreases of MCAvmean after a 20 
min swim (Figure 6.4B) in both males (r = 0.46; p = 0.13) and females (r = 0.64; p = 
0.09), when compared to a similar water-immersed environment. This correlation 




Figure	6.3 Grouped (black), swimmers (blue) and land-based (green) athletes’ accuracy-
adjusted response time (aRT) to Pro (visuomotor speed; panel A), Anti (inhibitory control; panel 
B), and Pro/Anti (mental switching ability; panel C) tasks on land, in water, and after a 20 min 
moderate-intensity swim.  *p = 0.01  
Figure	6.4 Post 20 min breast-stroke swim mean middle cerebral artery blood velocity 
(MCAvmean) associated with visuomotor (Pro) accuracy-adjusted response time (aRT) for both 
swimmers (blue) and land-based athletes (green) compared to land (panel A) and water 
immersion (panel B) conditions. Correlations are strengthened with the exclusion of an outlier 
(circled data point; r =- 0.27, p = 0.31 vs Land; r = 0.53, p = 0.03 vs Water Immersion). A negative 






Note. CVC, cerebrovascular conductance; MCAv, middle cerebral artery blood velocity; PETCO2, pressures of end-tidal CO2; CVRHYPER, cerebrovascular 
hypercapnic reactivity. PETCO2 values for ‘Swimming’ were analysed from familiarisation sessions during 50% heart rate reserve breast-stroke swim. NA, 
Not Applicable as measurements were not taken during these times. *p≤0.007 vs upright land; #p≤0.001 vs prone land;^ p≤0.012 vs prone water; ł p≤0.007 
vs prone water +CO2.  
	Table	6.2	














Prone +  
CO2 







0.72	±	0.17	 0.79	±	0.21	 0.85	±	0.21*	 0.91	±	0.22	 0.77	±	0.19	 0.84	±	0.20	 0.92	±	0.25^	
NA	
Swimmers 0.67±0.14 0.74±0.22 0.76±0.21 0.86±0.20 0.67±0.21 0.74±0.19 0.89±0.26 





mean	 0.83	±	0.15	 0.77	±	0.15	 0.93	±	0.18*	 0.84	±	0.12	 0.92	±	0.14	 0.92	±	0.12	 0.77	±	0.09^	 1.4	±	0.29
ł	
Swimmers 0.78±0.13 0.71±0.14 0.91±0.10 0.79±0.15 0.91±0.15 0.92±0.10 0.74±0.10 1.35±0.31 




mean	 31	±	3	 40	±	4	 35	±	4*	 40	±	4	 32	±	3	 33	±	4
#	 40	±	4^	 39±4	ł	
Swimmers 32±3 42±4 35±4 41±5 31±4 32±6 41±5 41±4 












Swimmers 0.77±1.07 1.60±1.97 1.36±0.41 







Note. MAP, Mean arterial blood pressure; BP, blood pressure; HR, heart rate;	NA, Not Applicable as measurements were not taken during these times. 
*p≤0.007 vs upright land; ^ p≤0.012 vs prone water; ł p≤0.007 vs prone water +CO2
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88	±	11	 90	±	10	 83	±	10*	 82	±	10	 93	±	12	 86	±	10	 90	±	10	
NA	
Swimmers 87±10 88±8 83±9 81±8 95±14 86±11 88±11 





115	±	13	 117	±	13	 119	±	14	 117	±	12	 129	±	12	 122	±	15	 129	±	15	
NA	
Swimmers 116±13 116±12 120±15 117±11 130±14 127±19 132±21 





74	±	11	 77	±	10	 66	±	10*	 64	±	10	 77	±	12	 68	±	11	 71	±	12	
NA	Swimmers 72±10 74±8 67±11 63±8 77±14 68±9 66±11 






88	±	16	 86	±	14	 62	±	8*	 62	±	8	 59	±	9	 62	±	9	 68	±	11^	 140	±	15	ł	
Swimmers 86±12 85±15 63±5 60±8 57±6 61±7 67±5 137±8 







This study was the first to delineate the separated acute and chronic (i.e., training-
related) effects of swimming on MCAvmean. The 4 novel findings were that: 1)MCAvmean 
increases during moderate-intensity, breast-stroke swimming mainly due to changes in 
posture and PETCO2 ; 2) water immersion in a prone posture does not elicit hydrostatic 
effects on MCAvmean; 3) improved cognitive performance (by virtue of aRT) tended to be 
associated with decreases in MCAvmean after 20 minutes of moderate-intensity 
swimming compared to a similar water-immersed environment, and 4) swimmers 
showed lower MCAvmean than land-based athletes during resting conditions.  
Uniquely, the current study delineated the factors behind changes in MCAvmean during 
breast-stroke swimming. Previous studies have demonstrated that upright aquatic 
exercise (i.e., walking/running and box stepping) increases MCAvmean across a range of 
intensities (Parfitt et al., 2017, Pugh et al., 2014), which have been contributed, in part, 
to changes in PETCO2 (Pugh et al., 2014). Furthermore, we found that swimming shows 
similar MCAvmean response as for other dynamic large muscle-group exercise 
(unpublished data from our lab). Although our data support the contribution of 
increased PETCO2, we also found the large contribution of posture, and minimal 
contributions of motor involvement and water immersion per se.  
The cerebro-vasculature is very reactive to changes in PETCO2. We clamped PETCO2 at 
rest to match the values of each participant’s natural response to 50% HRR exercise (i.e., 
+8 ± 4 mm Hg vs upright land). This allowed for an individual-specific comparison 
between swimming and the direct effect of exercise-related PETCO2. Compared to 
previous literature (Sackett et al., 2018), our participants did not appear to retain excess 
CO2 (>2 mm Hg) during water immersion, in either prone or upright postures ( Table 
6.2).   
Posture is also a large contributor to changes in MCAvmean between land-based and 
swimming exercise. Significant differences in MCAvmean between upright and prone 
postures on land reveal the haemodynamic adjustments necessary for maintaining 
cerebral perfusion. As compared to head up tilt, supine posture is associated with 
greater central venous pressure and stroke volume (resulting in greater systolic 
pressure) and baroreflex mediated sympathetic withdrawal and parasympathetic 




al., 1999, Van Lieshout et al., 2003). Our data show that on average, systolic BP tended to 
increase by 4 mm Hg (p = 0.05) and diastolic decreased by 8 mm Hg (p < 0.01 vs upright 
land;  Table 6.3) during prone posture. HR also decreased by 26 ± 15 bpm (p < 0.01 vs 
upright land). Together, this supports a rise in MCAvmean by virtue of increased stroke 
volume (i.e., potential Windkessel effect (Cooke, 2011)) and potentially decreased 
sympathetic activity. Our data also show that PETCO2 was increased during prone vs. 
upright posture (4 ± 2 mm Hg; p < 0.01). This is consistent with previous literature, and 
likely due to a combination of improved ventilation-perfusion matching and the posture-
induced excretion of venous CO2 stores from upright posture (Serrador et al., 2006).  For 
example, Serrador et al., (2006) revealed that PaCO2 continued to decrease across 10 
min of head-up tilt, even though alveolar ventilation remained constant after the first 
minute. This continual reduction in PaCO2 indicates that a redistribution of CO2 stores 
may occur with upright postures.  
Water immersion causes further cardiac adjustments. For example, water immersion in 
an upright posture decreased HR by 29 ± 17 bpm and increased MAP by 5 ± 13 mm Hg 
(Table 6.3) compared to upright posture on land, supporting previous literature (Carter 
et al., 2014). Water immersion in an upright posture introduces a hydrostatic gradient, 
causing the centralised redistribution of blood volume (Pendergast et al., 2011). In 
accordance with the Frank-Starling mechanism, this would increase cardiac preload and 
stroke volume, and thus increase MAP. In the current study, water immersion while in a 
prone posture did not elicit a significant change in MCAvmean, HR, or MAP (p≥0.06 vs 
prone land). The diving reflex may have also been involved due to partial face 
immersion and momentary apnoea. This is comparable to previous findings by Saito et 
al. (2014) that showed minimal changes in HR and blood pressure with supine	water 
immersion. The lack of change is likely due to the elimination of any orthostatic 
hypotension and decrease of hydrostatic pressure (Pendergast et al., 2011).  
The cognitive benefit of exercise is well known. A recent meta-analysis of 79 studies 
revealed the positive benefit of exercise on cognition measured during, immediately and 
delayed (11-20 min) after exercise (Chang et al., 2012). In the present study, both swim-
trained and land-trained athletes had better performance in a visuomotor task after a 
moderate-intensity, 20 min swim compared to their baseline (i.e., land) performance. 
Therefore, our results support swimming as a mode of exercise that also improves 




findings are consistent with previous studies that show exercise-related improvement of 
information-processing, mathematic, executive functioning, and short-term memory 
performance (Chang et al., 2012). A potential limitation to this finding was that the 
environment was not matched between conditions (i.e., land vs. water). However, when 
comparing both water-immersed pre- vs. post-swim, there is a trend toward significance 
(p=0.07), as evident by a large effect size (ꞃp2=0.20). Furthermore, there was only an 
insignificant and small effect on Pro aRT between land and water conditions (p=0.68, 
ꞃp2=0.01).  
Cognition was not reliably altered with water immersion, despite most participants 
showing an increase of MCAvmean. This illustrates that acute and passive increases in 
MCAvmean are not solely or immediately related to cognitive improvement. However, our 
results showed that a decrease in MCAvmean after exercise associates with better 
cognitive performance (Figure 6.4) when compared to a water-immersed condition. The 
drop in MCAvmean after exercise could be explained by a drop in MAP or, more likely, a 
larger lumen diameter in the MCA from an exercise and shear stress-induced rise of core 
temperature (Padilla et al., 2011, Carter et al., 2016). Another possibility for the drop in 
MCAvmean after exercise could also be related to the increased PETCO2. For example, 
Hoiland et al. (2017) showed that hypercapnia may cause shear-mediated vasodilation 
in the ICA. Although MCAvmean was associated with cognitive performance acutely after 
exercise, it is possible that the two are unrelated during swimming. This would support 
previous research wherein the correlation between MCAvmean and cognition became 
uncoupled during exercise (Lucas et al., 2012). Because cognition was measured 
immediately (less than 2 min) after exercise in the current study, it remains possible 
that blood flow was displaced to the muscles, and the improvement in cognition was 
caused by the exercise-induced increase of regional cerebral metabolism (Ide and 
Secher, 2000). However, MCAvmean is only an index of total flow. Thus, it is possible that 
global cerebral flow was increased after exercise, with velocity decreasing due to an 
increase in vessel lumen diameter. Exercise-induced vasoconstriction of the MCA is also 
a possibility. For example, Verbree et al. (2017) reported a 2% decrease in MCA vessel 
cross-section area after rhythmic handgrip exercise. Furthermore, in Hellstrom et al. 
(1996), total blood flow in the carotid artery was increased after exercise, without a 
significant change in diameter. Therefore, the relation between CBFv and cognition is 




increases in cerebral perfusion (i.e., during upright water-immersion) did not 
measurably improve cognitive performance.  
Lastly, swimmers had significantly lower MCAvmean during normocapnic conditions, 
despite similar MAP, HR, and PETCO2. This could reflect sample selection error or a real 
difference. The physical characteristics were statistically similar between groups; 
however, the cohort of swimmers had fewer females. It is well established that females 
have higher MCAvmean than males (e.g., (Peltonen et al., 2015a)). To account for the sex-
proportion differences between groups, and any influence it may have on MCAvmean, our 
statistical analysis included sex as a covariate. It is plausible, then, that swimmers may 
have a larger cross-sectional area in their MCA than land-based athletes, perhaps as a 
result of their large durations of training and the exercise-associated increase in 
antegrade shear stress. Our results indicate no difference between groups in ICA 
diameter. It is worth considering that males have larger cerebral (Müller et al., 1991, 
Shatri et al., 2017) and carotid arterial diameters (Krejza et al., 2006). Thus, we cannot 
discount the potential sex-effect on vessel diameter despite matching the number of 
male ICA measures (N=3) in each group. Due to the lack of difference in ICA measures, 
and the unknown MCA diameters in swimmers and land-based athletes, it is difficult to 
conclude swimmers have any unique vascular adaptations. Swimmers experience 
several other differences in their training physiology, e.g., fluid regulatory stimuli, 
preload, afterload and inotropic effects, and neural afferent and efferent loading 
distributions. Although previous research supports no difference in arterial stiffness 
between swimmers and land-based athletes (Nishiwaki et al., 2017), swimmers appear 
to have lower blood volume and total haemoglobin concentration compared to other 
land-trained athletes (Heinicke et al., 2001). This is likely because water immersion 
minimises the effect of exercise on plasma volume expansion (Boning et al., 1988). Be 
that as it may, a recent meta-analysis (Lahart and Metsios, 2018) revealed that swim 
training has similar anthropometric, blood biomarker, resting cardiovascular and 
vascular, muscular strength, and cardiorespiratory outcomes to other modes of aerobic 
training (i.e., cycling and running) in healthy or clinical populations.  
The study has limitations. Due to the aquatic and dynamic environment utilised, we 
were unable to measure MAP on a beat-by-beat basis or during exercise. However, it has 
been previously shown that MAP has a greater increase during water-immersed upright 




only report data from one swimming style (i.e., breast-stroke). Pilot testing revealed that 
maintaining MCAv signal integrity with front crawl proved too difficult. However, 
breast-stroke is a legitimate form of swimming – accessible to people of many ages and 
physical abilities. Furthermore, the head-out nature of this swimming stroke may 
involve slightly different cardiovascular responses than traditional submersed strokes 
(e.g., due to influences of the diving reflex and cranial pressures). In addition, this study 
was based on the usual assumption that the hypercapnic stimulus increased flow by 
dilation of downstream vessels without a meaningful increase in MCA diameter. Recent 
research supports dilation of the MCA (and other subcortical vessels) during 
hypercapnia of 46-48 mm Hg (Al-Khazraji et al., 2018, Coverdale et al., 2014). However, 
our participants did not exceed 45 mm Hg at any point. Thus, it is possible that our data 
may underestimate a change in total flow, but this would not invalidate the present 
findings or implications discussed above. The results cannot be transferred to older or 
clinical populations, or to the posterior cerebral circulation. The current study did not 
have a time-control for cognitive measures. However, the finding that swimming 
improved cognitive performance on Pro aRT is consistent with previous literature on 
exercise acutely benefiting cognition. Lastly, although menstrual cycle was not strictly 
controlled, all but one participant was in luteal phase. One female land-based athlete 
reported being on day 10 of her menstrual cycle (follicular phase) and was not an outlier 
in terms of cerebrovascular or cognitive function.  
6.7 Conclusion  
Breast-stroke swimming increased MCAvmean mostly due to postural and PETCO2 effects, 
with minimal contributions from water immersion and motor activity. Twenty minutes 
of moderate-intensity swimming improved cognitive performance. Therefore, if 
swimming elicits cerebrovascular adaptation, as occurs in other modes of aerobic 
exercise, posture and hypercapnic effects are possible mediators. Furthermore, the 
acute benefits of swimming for cognitive performance shown here imply that regular 
swimming may confer chronic cognitive health benefits. This is important since 
swimming is an accessible form of exercise and has the potential to be beneficial for a 
wide range of people. However, any cognitive benefit from swimming was not 
associated with acute	increases	of cerebral perfusion. In fact, increased MCAvmean during 
water immersion did not improve cognition. This furthers the findings of Chapter Five, 












Cognitive function has an immediate and critical reliance on adequate cerebrovascular 
function, perfusion, and metabolism. However, it is unknown if a (reversible) reduction of 
CBF impairs cognition. Thus, the aim of this study was to test the extent that an acute	decline 
in CBF impairs cognition in young and older adults, and the extent to which age-related 
cognitive deficits are modulated by the usually-observed impairment in cerebrovascular 
function. Using a placebo-controlled, single-blinded, randomised cross-over design, we 
tested the hypothesis that an acute reduction in CBF (using indomethacin [1.2 mg/kg oral 
dose]) would impair cognition in both young (n=13; 25±4 y) and older (n=12; 58±6 y) 
adults. Cerebrovascular function was assessed by measuring MCAv during CVRCO2, NVC, and 
CA. Cognitive function was assessed using working memory and response time tasks. Linear 
and rank-based mixed models were used to assess the individual and interactive effects of 
cerebrovascular function and cognition, while accounting for age, sex, and fitness (i.e., 
predicted VO2max). Older adults had 14% lower MCAvmean and 15% worse cognitive 
performance overall (all p≤0.049) but not reliably lower CVRCO2 (p ≥ 0.159), NVC (p = 
0.214), or CA (p ≥ 0.078). Indomethacin decreased MCAvmean by 26 ± 11% and CVRCO2 by 
69±25% (all p < 0.001), regardless of age. Individuals’ baseline CVRCO2 was strongly 
associated with their indomethacin-induced reduction in CVRCO2 (r = 0.87, p <0.001). 
Cognitive performance was 6 ± 13% worse after indomethacin (p = 0.04), but this 
impairment was only weakly associated with reductions in MCAvmean (r = -0.26; p = 0.175). 
Working memory improved across the placebo-control (interaction: p = 0.004) but not 
across the indomethacin trial (p = 0.219). Indomethacin blunted the NVC response in young 
(p < 0.001), but not older (p = 0.199) adults. Indomethacin appeared to enhance CA via 
decreased gain (46%; p < 0.001) and increased phase (31%, p < 0.001), irrespective of 
group. In conclusion, indomethacin impaired cognitive performance but we did not find 
evidence of an association between this impairment and the ~25% reduction in cerebral 
perfusion, even in older adults. Compared to young, older adults had worse cognitive 
performance and slower CBF velocity but did not	have impaired cerebrovascular function.  
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7.2 Introduction 
Cognitive function has an immediate and critical reliance on adequate cerebrovascular 
function, perfusion, and metabolism (Barnes et al., 2013). While an acute increase in 
perfusion does not measurably result in cognitive improvement (Chapters 5 and 6), the 
extent to which cognition depends on adequate flow remains unknown. To our 
knowledge no one has imposed a (reversible) reduction of CBF in healthy individuals to 
test if an acute	reduction in CBF or cerebrovascular responsiveness is directly related to 
worsened cognition. Furthermore, the dependence on adequate perfusion for cognitive 
function may be heightened in individuals with lower cognitive and flow reserve. Aging 
represents such a context where both resting perfusion and cognition are reduced at 
baseline (sections 2.1.2.2 and 2.2.2.2). 
It is possible to acutely reduce CBF and CVRCO2 in young and older healthy adults using a 
pharmacological aid. Indomethacin is a non-steroidal anti-inflammatory drug, inhibiting 
the enzyme cyclooxygenase and thus prostaglandin synthesis. While similar to other 
cyclooxygenase inhibitors (e.g., naproxen, ibuprofen), only indomethacin reduces basal 
CBF in healthy humans without changing cerebral metabolic rate (Hohimer et al., 1985, 
Kraaier et al., 1992) or plasma catecholamine concentrations (Green et al., 1987, 
Staessen et al., 1984, Wennmalm et al., 1983). Numerous reports support that 
indomethacin reduces basal CBF by 19 - 42% and CVRCO2 by 50 - 65% (Barnes et al., 
2012, Bruhn et al., 2001, Eriksson et al., 1983, Ivancev et al., 2009, Jensen et al., 1993, 
Kastrup et al., 1999, Markus et al., 1994, St. Lawrence et al., 2002, Wennmalm et al., 
1983, Xie et al., 2009, Xie et al., 2006), with potentially more effect in older adults 
(Barnes et al., 2012).  
Those with chronically reduced cognitive function and resting CBF may be more 
susceptible to acute reductions in cerebral perfusion. Along with a decline in cerebral 
perfusion, some aspects of cognition decline with age. For example, working memory 
and response time appear to decline relatively linearly across the lifespan (Myerson et 
al., 2003, Salthouse, 2009). Resting CBF and potentially cerebrovascular responsiveness 
to CO2 (i.e., endothelial ability to modulate vascular tone in response to increases and/or 
decreases in CO2; CVRCO2) also decline with advancing age (Matteis et al., 1998, Reich 
and Rusinek, 1989, Rogers et al., 1985, Tsuda and Hartmann, 1989). For example, 




(Ainslie et al., 2008). Although chronically impaired cerebral perfusion in older adults 
has been associated with attenuated cognitive function (Kitagawa et al., 2009, Wolters et 
al., 2017, Bertsch et al., 2009), it remains unknown how acute reductions in flow 
immediately impact cognition. Acutely, transient hypoperfusion impaired cognition in 
patients with cardiovascular disease (Marshall et al., 2001) and chronic kidney disease 
(Findlay et al., 2019). The impact of transient hypoperfusion has not been addressed in 
healthy young or older adults. It is possible that older adults are more sensitive to 
reductions in perfusion due to lower baseline perfusion and cognitive function.  
Interestingly, indomethacin reduces cerebral perfusion to a similar extent that occurs 
with age (i.e., ~30%). This means that indomethacin can acutely eliminate the resting 
age-related differences in MCAvmean and CVRCO2 and their potential impact on cognitive 
function, thereby indirectly supporting an age-related effect on prostaglandin 
metabolism/function. Therefore, the primary aim of this study was to test the extent 
that an acute	reduction in CBF and cerebrovascular responsiveness is directly related to 
worsened cognition in young and older adults. A secondary aim was to elucidate the 
effect of CBF on cognition across healthy adulthood, and the extent to which age-related 
reductions are modulated by the usually-observed impairment in cerebrovascular 
function. While expecting that older adults will show lower baseline CBF (~30%), 
associated with cognitive deficits in both response time performance and working 
memory measures, it was hypothesised that an acute reduction of CBF (i.e., with 
indomethacin) per	se would impair cognition, but more so in older adults.  
7.3 Materials and Methods 
7.3.1 Ethical Approval  
This study was approved by the New Zealand Central Health and Disability Ethics 
Committee (18/CEN/142) in accordance with the standards set by the Declaration of 
Helsinki. This study was prospectively registered in the Australian New Zealand Clinical 
Trials Registry on 27/09/2018 (ACTRN12618001603202). All participants gave written 
informed consent prior to any data collection (Appendix I). 
7.3.2 Participants  
Participants were invited to take part in the study if they were between the ages of 18-
35, or 50-75 y, with no sign of cognitive impairment and were not smokers. They were 




neurological, metabolic, respiratory, renal, or haematological disease or condition. All 
participants completed a medical and physical questionnaire to ensure eligibility. 
Individuals were excluded if they were currently taking medication such as cardiac 
glycosides, aminoglycosides, diuretics, anticoagulants, antihypertensive, aspirin, or 
corticosteroids. The use of nonsteroidal anti-inflammatory drugs was restricted for a 
minimum of 7 days prior to the initial study visit. Older females were recruited only if 
they reported being postmenopausal or having experienced amenorrhea for a minimum 
of 12 months. Young females were in luteal menstrual phase or on oral contraception 
(active pill phase) for all familiarisation and experimental visits. All participants were 
then screened for cognitive impairment using the Montreal Cognitive Assessment 
(MoCA©; Appendix J.5). Participants with a score of 25 or higher were eligible to 
participate, as a score below 25 represents abnormally low cognitive performance 
(Nasreddine et al., 2005). 
Twenty-nine participants were recruited and undertook familiarisation. One 
subsequently moved to a different city, two were excluded due to insonation difficulties 
of the MCA and PCA and one due to below-normal cognitive functioning, as per MoCA 
standards. Therefore, 25 participants were subsequently randomised into experimental 
sequence (i.e., placebo versus indomethacin) after familiarisation. Seven out of thirteen 
young adults completed the indomethacin condition first, while the older adults had an 
equal distribution. Participant information is in Table 7.1. Cognitive, cerebro- and 
cardio-vascular data are reported from all 25 participants. However, PCAvmean was 
accessible in only 21 participants, with clear NVC responses evident in 10. This was 
despite two sonographers being confident it was, indeed, the PCA based on waveform 
profile, occlusion tests, and responsiveness to a visual stimulus. Thus, only 10 
participants were included into the NVC analysis. Measures of CA are reported from 24 










N=12 (6 female) 
Age (y) 25 ± 4 58 ± 6* 
Mass (kg) 78 ± 18 73 ± 13 
Height (cm) 175 ± 10 169 ± 10 
Predicted VO2peak 
(mL/min/Kg) 52 ± 8 42 ± 11* 
MoCA Score ( /30) 29 ± 1 28 ± 1 
Note. VO2peak, predicted peak rate of oxygen consumption (mL/min/kg); MoCA, Montreal 
Cognitive Assessment – any score above 25 is considered “normal”. *p<0.01 vs. Young using 
Student’s T-test.		
Participants reported to the laboratory having abstained from caffeine and food for a 
minimum of 2 hours, as well as abstaining from strenuous exercise for 12 hours. Diet 
and activity were kept consistent for the 24 hours prior to each visit. This was ensured 
using training and diet logs as an aid for participants to replicate their activity and 
dietary intake (i.e., including caffeine) 24 hours prior to each condition. 
7.3.3 Experimental Procedures 
This study used a placebo-controlled, single-blinded, randomised cross-over design, in 
which two groups (young vs. older) each completed two conditions in cross-over fashion 
(indomethacin vs. placebo). Participants were blinded to the treatment. Measures of 
cognitive and cerebrovascular function were assessed before and after ingestion of 
indomethacin and a placebo. See Figure 7.1 for a schematic of the protocol used in each 
condition. Conditions were undertaken at least 10 days after a familiarisation session 
and separated by at least 72 hours. Testing was completed between 7:00AM and 




 Figure	7.1.	Timeline summary of experimental protocol, which took ~3.5 hours (including 
instrumentation) and was undertaken twice. Recovery time was allocated after cognitive tasks 
and before CA to allow for recovery of blood pressure and heart rate. Abbreviations: BL baseline; 
NVC neurovascular coupling; CA cerebrovascular autoregulation; CVRCO2 cerebral blood velocity 
hypercapnic (CVRHYPER) and hypocapnic (CVRHYPO) reactivity. Green/Red boxes represent a 
cognitive battery measuring visuomotor processing speed (Pro), inhibitory control (Anti) and 
mental switching (Pro/Anti) performance.  
7.3.3.1 Randomisation  
To counter-balance conditions within each age group, the order of fourteen values of 0 
and 1 (7 each; corresponding to “placebo” and “indomethacin” conditions, respectively) 
were randomly computer-generated for both young and older groups. Each value 
corresponded to a letter of the alphabet, with A to N for the young group and O-BB for 
older. At the end of a familiarisation session, participants blindly chose their letter from 
the relevant group box and handed it to the attending researcher. The attending 
researchers were not blinded due to the obvious nature of CBF decline with 
indomethacin. For example, quality recordings and participant welfare were ensured by 
keeping a close watch on all physiological variables during the testing protocol; thus, the 
researcher would be immediately aware of a drop in MCAvmean caused by indomethacin. 
However, the research team took great care to ensure participants were blinded to each 
condition and to ensure the same monitoring of participants, and minimal verbal 
engagement, regardless of treatment, to reduce potential confounding conditions.  
7.3.3.2 Familiarisation 
During the familiarisation visit participants completed an assessment for cognitive 
impairment (i.e., MoCA©) and other relevant questionnaires (Appendix J.1, J.3-4, and 
J.6) tracking health history and physical activity. After full instrumentation, participants 
completed familiarisation rounds of NVC and cerebrovascular reactivity to hypocapnia 




cognitive battery (i.e., Pro, Anti, Pro/Anti and Backward Digit Span) to minimise future 
concern of practise effects. Pro, Anti, Pro/Anti was practised 3 times, while the 
Backward Digit Span was practised once.  
Participants were subsequently brought back into the laboratory (i.e., a fourth visit) for 
a predictive VO2peak test on the treadmill. A standard submaximal paradigm was used; 3 
stages of four minutes, each with mildly increasing intensities (+10-15%HRR) (Golding 
et al., 1989, Akalan et al., 2008). HR and VO2 (mL/min/kg) were averaged across the 
fourth minute of each stage and plotted against each other. A linear regression with 
predicted maximal HR (i.e., 220 minus age) allowed for the prediction of VO2peak.  
7.3.3.3 Experimental Sessions 
Participants attended the laboratory for 2 experimental conditions (i.e., placebo and 
indomethacin) where they sat comfortably in a semi-recumbent chair for the duration of 
testing (i.e., ~3.5 hours), other than when they were completing the dynamic CA tests. 
After instrumentation and collection of baseline data (time-control for pre vs post 
measures and day-to-day variability), each participant completed two cognitive 
batteries and tests of NVC, CA, CVRHYPO and CVRHYPER. Participants then received 100 mg 
of an anti-nausea medication, Simethicone (De-Gas®, Pfizer Australia Pty Limited) and 
either 1.2 mg/kg (rounded to the nearest 25 mg) of placebo or indomethacin. 
Simethicone has previously been used (Barnes et al., 2012) to prevent GI upset, a 
potential side-effect of indomethacin. As shown in Table 7.2, GI upset was worse after 
indomethacin compared to after placebo. Otherwise, indomethacin did not significantly 
disrupt reported tiredness (p=0.12) but tended to decrease reported feeling state (Table 











(-5 to +5) 0 ± 1 -1 ± 1 
Gastrointestinal Upset  
(7 pt Likert Scale) 0 ± 1 1 ± 1* 
Tiredness 
(7 pt Likert Scale) 0 ± 1 0 ± 1  
Note.	Participants’ feeling state, gastrointestinal upset symptoms, and tiredness after 
instrumentation and in the final 10 min of data collection for both placebo and indomethacin 
conditions. Overall, reports of GI upset were significantly worse after indomethacin (*p < 0.01, 
students paired T-Test).		
After a minimum of 60 minutes of rest (during which participants read or watched 
Netflix, consistent between conditions), each participant underwent a second 
administration of cognitive batteries and tests of NVC, CA, and CVRCO2, in the same 
sequence as at baseline.  
7.3.4 Measurements 
All measures used for this study are described in Chapter Three. The cardio- and 
cerebro-vascular measures used were MCAvmean, PCAvmean, beat-to-beat MAP, PETCO2, 
and NIRS-derived values of tissue oxygenation. Cognitive measures of Pro, Anti, and 
Pro/Anti are reported in units of “aRT” (accuracy-adjusted response time). An additional 
battery of working memory (i.e., backward digit span) was also used and discussed in 
section 3.3.2.  
Cerebrovascular function was determined using CVRHYPO and CVRHYPER, NVC, and CA. The 
methodology and calculations for these measures are discussed in Chapter Three.  
7.3.5 Sample Size  
The effect size for the association between CBF and cognition is unknown in a healthy 
population.  In a clinical population, the variance in cognitive function explained by the 
reduction in CBF was -17 AU, with a within-group variance of 15 AU (Marshall et al., 
2001). Therefore, a strong effect of reduced CBF on cognitive function was seen (ꞃp2 = 
0.53). A priori calculations revealed that a small sample of 4 participants would be 
needed to obtain 80% power with 2 groups and 4 measurements (α = 0.05).  However, 




Therefore, a sample of 24 participants was needed to obtain 80% power with 2 groups 
and 4 measurements (α = 0.05). 
7.3.6 Data and Statistical Analysis  
Data were averaged across 30 s of steady physiological state at baseline and during each 
step of hypo- to hypercapnia. Cognitive data were averaged across the last 30 s of each 
task. CA (section 3.1.5.4) and NVC (section 3.1.5.3) data were analysed differently and 
was discussed in Chapter Three. All data were analysed using R (R Development Core 
Team, 2008) and graphed with GraphPad Prism (Prism Version 8, GraphPad Software, 
CA, USA). An alpha of 0.05 was considered significant.  
Primary and secondary outcome variables were assessed for homogeneity of variances 
with Levene’s test. Linearity and approximate normal distribution of model and 
individual residuals was assessed using visual inspection histograms and Q-Q plots and 
formally with Shapiro-Wilk’s Test. If the assumptions of a parametric test were met (i.e., 
homogeneity of variance, linearity, normality, and independence), then the data were 
analysed using a linear mixed-effect model for repeated measures.  Variance-covariance 
structure, model inclusion of random and fixed factors, and weighting of model errors 
was assessed using Akaike’s Information Criteria (AIC). At minimum, condition (2 levels: 
indomethacin, placebo), time (2 levels: pre, post), their interaction, and age (continuous 
variable) were treated as fixed factors. Sex and fitness were included according to AIC 
values. As usual for mixed models, each participant was treated as a random variable. 
Post-hoc testing was analysed using Tukey’s HSD. All results from the linear mixed-
effect models are reported using mean ± SD along with corresponding 95% confidence 
intervals [lower limit, upper limit].   
If the assumptions of a parametric test were not	met, then a non-parametric rank-based 
method was used for analysis. Noguchi et al. (2012) developed an R package that allows 
for accurate and reliable analysis of longitudinal data in factorial settings.  In these 
circumstances, variables were analysed as a function of condition (2 levels: 
indomethacin, placebo), time (2 levels: pre, post), and age (2 levels: young, older). Due to 
the package allowing for only three factors, an additional analysis of 
Condition*Time*Sex was done to test for any main effects of sex on the dependent 
variable. Post-hoc comparisons were completed using the R package above. P-values are 




methods are reported as median and interquartile ranges [quartile 1, quartile 3]. 
Correlation data are expressed using Pearson’s correlation coefficient (r). ICC estimates 
and their 95% confidence intervals were calculated based on a mean-rating, absolute 
agreement, 2-way mixed-effects (test-retest) model. Consecutive pairwise comparisons 
of reliability from 3 trials (i.e., familiarisation, placebo, and indomethacin), as calculated 
by ICC, show excellent (>0.9), good (0.76-0.9), moderate (0.5-0.75), and poor (<0.5) 
reliability between baseline measures of placebo and indomethacin conditions (Table 
7.3, as described by Koo and Li (2016)). Furthermore, the extent of variability within a 
measure is also reported as a coefficient of variation, calculated as the ratio of the 
standard deviation to the mean.  






 ICC	 Lower	 Upper	
MCAvmean 0.915 0.834 0.96 
PCAvmean 0.869 0.732 0.942 
CVRHYPER 0.254 -0.491 -0.656 
CVRHYPO 0.338 -0.331 0.702 
Pro aRT 0.794 0.533 0.91 
Anti aRT 0.754 0.439 0.892 









	 ICC	 Lower	 Upper	
MCAvmean 0.959 0.904 0.982 
PCAvmean 0.959 0.899 0.983 
CVRHYPER 0.428 -0.327 0.750 
CVRHYPO 0.479 -0.232 0.77 
Pro aRT 0.917 0.814 0.963 
Anti aRT 0.856 0.673 0.937 









Note.	Resting measures of CBF had excellent reliability across days (i.e., baseline measures) and 
within one day (placebo condition). aRT measures show good-to-excellent reliability within a 
single day and good reliability between days, while the functional CBF measures of CVRHYPO/HYPER 
show poor reliability between and within days. Abbreviations: MCAvmean, mean middle cerebral 
artery blood velocity; PCAvmean, mean posterior cerebral artery blood velocity; CVRHYPER, 






Only MCAvmean, PCAvmean, MAP, CVC, NVC response, and Phase (from CA measures) met 
the assumptions for analysis using parametric linear mixed models and are reported 
with mean values and 95% confidence intervals [lower, upper]. All other variables failed 
tests of normality and were thus analysed using nonparametric rank-based methods. 
These are reported as median values with first and third interquartile ranges [1st, 3rd], 
unless otherwise stated. All means with 95% confidence intervals and medians with 
interquartile ranges are calculated from the difference between the change from 
indomethacin (i.e., ‘post’ minus ‘pre’) and the change from placebo, and thus represent 
the treatment effect. Therefore, any mention of “beyond the effect of time” refers to the 
difference above the placebo-control. 
7.4 Results  
Primary and secondary outcome measures are discussed below.  Secondary outcomes 
are reported in Table 7.4 while primary outcomes are illustrated in Figures, with 
individual participant data points. As mentioned above, all values reported in text as 
“beyond the effect of time” refer to the difference change from the placebo-control (i.e., 





	Table	7.4A Secondary outcome measures  
Table	7.4B Statistical outcomes for secondary measures 
Note.	PCAvmean, mean posterior cerebral artery blood velocity; CVC, cerebrovascular 
conductance; TOI, total oxygenation index; HHb, deoxygenated haemoglobin; HbO2, oxygenated 
haemoglobin; tHb, total haemoglobin; INDO, indomethacin.  Values are means ± SD. Near-
infrared spectroscopy (NIRS) measures represent the magnitude of change from resting 
“zeroed” baseline at the commencement of instrumentation. TOI, HHb, and tHb are presented 
from N = 11 young and N = 11 older. HbO2 is presented from N = 7 young and N = 9 older due to 
technical difficulties. *analysed using linear mixed model; bold font represents significant results 




 Young	 Older	 Young	 Older	
 Pre	 Post	 Pre	 Post	 Pre	 Post	 Pre	 Post	
PCAvmean 
(cm/s) 41 ± 11 40 ± 13 35 ± 5 35 ± 6 42 ± 11 30 ± 6 38 ± 5 28 ± 5 
CVC  
(cm/s/mm Hg) 0.75 ± 0.13 0.72 ± 0.18 0.63 ± 0.14 0.67 ± 0.17 0.71 ± 0.10 0.50 ± 0.07 0.62 ± 0.10 0.40 ± 0.10 
Respiratory Rate 
(breaths/min) 15 ±4 16±3 14±4 15±4 14 ±2  14±2 14±3 13±2 
TOI 
 (%Δ) 60 ± 19 64 ± 5 65 ± 7 65 ± 6 58 ± 19 59 ± 7 66 ± 5 62 ± 6 
HHb  
(∆µMol ∙ cm) -14 ± 21 -41 ± 37 -13 ± 17 -29 ± 21 -15 ± 34 -12 ± 22 -7 ± 37 -20 ± 36 
HbO2  
(∆µMol ∙ cm) 69 ± 94 5 ± 57 31 ± 48 21 ± 84 -28 ± 106 -59 ± 77 3 ± 91 -60 ± 84 
tHb 
(∆µMol ∙ cm) 38 ± 88 -36 ± 79 9 ± 58 -15 ± 78 -43 ± 123 -73 ± 92 -3 ± 106 -72 ± 107 
	 Main	Effects	 Interactions	 Post‐hoc		













(cm/s)	 0.041	 <0.001	 0.648 NS <0.001	 0.389 <0.001	 0.008	
CVC * 




0.018	 0.680 0.334 0.556 0.009	 0.577 0.181 <0.001	
TOI 
(%Δ)	 0.176 0.002	 0.176 0.042	 0.100 0.376 NA NA 
HHb  
(∆µMol ∙ cm)	
0.009	 0.004	 0.616 0.971 0.349 0.494 NA NA 
HbO2 
(∆µMol ∙ cm)	
0.002	 <0.001	 0.642 0.990 0.735 0.051 NA NA 
tHb 
(∆µMol ∙ cm) 





Overall, MCAvmean was 14% lower in older adults at placebo baseline (p = 0.049). There 
was no significant effect of age for PCAvmean, CVRHYPO and CVRHYPER (p ≥ 0.159). 
Indomethacin more than eliminated the age-related difference in MCAvmean, such that 
MCAvmean was 44 ± 6 cm/s in young adults post-indomethacin compared to 54 ± 9 cm/s 
in older adults pre-indomethacin. The age-related difference in MCAvmean that existed 
pre-indomethacin was eliminated post-indomethacin. Furthermore, the reduction in 
MCAvmean between older and young adults was similar post-indomethacin (age by time 
by condition interaction: p = 0.542; Figure 7.2A).  
Beyond the effect of time, MCAvmean, CVRHYPO, and CVRHYPER were lower post-
indomethacin (all interaction effects and subsequent pairwise comparisons p < 0.001 vs. 
pre-indomethacin and post-placebo). Specifically, MCAvmean declined by 30% [-34, -25], 
and CVRHYPO and CVRHYPER were 57% [-94,-23] and 92% [-128,-59] lower post-
indomethacin, respectively and irrespective of age (Figure 7.2).  
Baseline CVRHYPO and CVRHYPER were strongly associated (r = 0.87, p < 0.001) with their 
indomethacin-induced change. Specifically, participants who had the largest CVRHYPO 
and CVRHYPER at baseline had the largest decrease post-indomethacin (Figure 7.3), in 
both young and older groups.  
Older adults had higher MAP (2%) and lower CVC (17%; main effect of age: p ≤ 0.039), 
compared to young adults (Figure 7.2 and Table 7.4). Heart rate and PCAvmean were 
similar between groups (p ≥ 0.197). Regardless of age and beyond the effect of time, 
indomethacin significantly increased MAP (13 ± 28%) and decreased HR (6 ± 8%), CVC 




Figure	7.2  Cardio- and cerebro-vascular outcomes pre- and post-indomethacin (INDO) for young 
(black) and older (grey) adults. Symbols represent individual participants and are carried 
through most figures. Primary outcome variables (panels A, E, and F) show that indomethacin 
significantly decreased MCAvmean, CVRHYPO and CVRHYPER vs pre-indomethacin (*all p < 0.001) and 
vs post-placebo (# all p < 0.001). Abbreviations: MCAvmean, Middle cerebral artery blood velocity; 
MAP, mean arterial pressure; HR, heart rate; PETCO2, pressures of end-tidal carbon dioxide; 






	Figure	7.3 Cerebrovascular reactivity (CVRCO2) to hypercapnia (black) and hypocapnia (grey) at rest (x-
axis) is strongly associated with the individual decrease post-indomethacin (y-axis). i.e., Those with the 
largest CVRCO2 at rest experienced the greatest reduction in CVRCO2 after a dose of indomethacin.   
7.4.2  Cognitive Performance (Figure 7.4)  
As evident in Figure 7.4, older adults had significantly worse performance than young 
adults (all p < 0.001) in Pro (14%), Anti (15%) and Pro/Anti (15%) tasks. No difference 
was apparent for working memory (p = 0.663).  
Compared to the young, older adults did not respond differently on cognitive tasks post-
indomethacin (age by session by condition interaction: all p ≥ 0.994). Beyond the effect 
of time, Pro/Anti performance was 6% [0, 19] worse post-indomethacin (p ≤ 0.042 vs. 
pre-indomethacin and post-placebo). However, beyond the effect of time Pro (5% 
[0,11]) and Anti (3% [-4,17]) performance were not measurably affected by 
indomethacin (time by condition interaction; p ≥ 0.061) but showed the same pattern as 
Pro/Anti. A time by condition interaction (p = 0.004) revealed that working memory 
was significantly better with time during the placebo condition (i.e., post-placebo vs pre-





condition (i.e., post-indomethacin; 0 AU [-1,0]; p = 0.219 vs. pre-indomethacin).  
The following associations are beyond the effect of time (i.e., change from pre to post 
during the indomethacin condition, beyond placebo-control). Within each age-group, an 
acute change in MCAvmean was only weakly associated with an acute change in aRT 
performance (all r ≤ -0.28; p ≥ 0.175; Figure 7.5), within each group.  
In young adults, CVRHYPER and CVRHYPO moderately associated with Anti and Pro 
performance, respectively (r = -0.38 and -0.35, respectively; p ≥ 0.204). Older adults 
showed moderate associations for a reduction in CVRHYPER and changes in Anti (r = -
0.36) and Pro/Anti (r = -0.52; p≤0.080) aRT. However, age was strongly associated with 
Pro (r = 0.63), Anti (r = 0.80), and Pro/Anti (r = 0.77) aRT performance, such that 
ascending age was associated with poorer performance and is thus a possible 





	Figure	7.4 Young (black) and older (grey) adults’ cognitive performance as determined by 
accuracy-adjusted response time (aRT) for Pro, Anti, and Pro/Anti batteries (panels A-C) and 
working memory score (panel D) pre- and post-placebo and indomethacin (INDO). Symbols 
represent individual participants and are carried through most figures.  INDO significantly 
worsened cognitive performance on Pro/Anti tasks (panel C; p = 0.040 vs. pre-INDO* and p = 
0.042 vs. post-placebo#), regardless of age. Time appeared to improve working memory (by 
virtue of a higher score of Backward Digit Span) such that post-placebo was significantly better 
than pre-placebo ($p = 0.001) and post-INDO (#p = 0.001). All age by condition by time 






	Figure	7.5 Associations between accuracy-adjusted response time (aRT) and changes in 
MCAvmean. Both change scores are calculated as the difference between the change from 
baseline with placebo and the change from baseline with indomethacin. Young adults (panel B; 
closed circles) had a greater association than older adults (panel C; open circles) for Pro (Green; 
r = 0.34 vs. r = 0.17) and Pro/Anti (Black; r = 0.45 vs. r = 0.27), but not Anti (Red; r = 0.00 vs. r = 





A 3-way interaction of time, condition and age (p < 0.001) revealed that young adults 
had a more blunted NVC response post-indomethacin (p < 0.001 vs. pre-indomethacin), 
compared to older adults. Beyond the effect of time, young adults’ NVC was 3 cm/s [-3,-
2] lower (p < 0.001) post-indomethacin but older adults did not show any significant 
difference (-1 cm/s; p = 0.199). A change in NVC response after indomethacin appeared 
to associate with changes in cognition for both young (all r ≤ 0.65) and older (all r=0.66; 
all p ≥ 0.238) adults. However, this may be inaccurate due to small sample size (n=5 for 
each group) and an elevated pre-indomethacin baseline in the young age-group. No 
difference in NVC response between young and older adults was found at rest (main 





	Figure	7.6 Neurovascular coupling (NVC) responses to a visual stimulus. NVC was quantified as 
the difference between the change in blood velocity of the posterior (PCA) and middle cerebral 
arteries (MCA) during a visual stimulus (white time bar) compared to eyes shut (black bar). (A) 
Young (black) and older (grey) individual responses to a visual stimulus pre- and post- placebo 
and indomethacin (INDO). Young adults had a blunted NVC response post-indomethacin 
(p<0.001 vs. pre-indomethacin), while older adults did not show a reliable change (p = 0.199).  
(B and C) Mean PCAv and MCAv responses to a visual stimulus in young (black) and older (grey) 
adults across time pre- and post-indomethacin. Black bar below x-axis represents “eyes-closed” 
while white bar is “eyes-open”. Responses are averaged across 5 consecutive cycles for each 





 All conditions resulted in a coherence above threshold (i.e., > 0.63, Figure 7.7A), 
allowing for the interpretation of gain and phase. Both BP and MCAvmean power 
outcomes were significantly dampened after indomethacin (p < 0.007 vs. post-placebo, p 
< 0.046 vs. pre-indomethacin). There was no main effect of age for coherence, gain, or 
phase (all p ≥ 0.08). Beyond the effect of time, gain (Figure 7.7B) was 30% [-46, 1] lower 
and phase (Figure 7.7C) was 57% [4,110] higher post-indomethacin, (all p < 0.001 vs. 
pre-indomethacin and post-placebo). A condition by time interaction (p = 0.006) 
revealed that coherence was lower post-indomethacin (p < 0.001 vs. pre-indomethacin 
and post-placebo), and beyond the effect of time (-4% [-11, 4]). Lastly, males had 3% 




	Figure	7.7 Transfer function analysis indicated that young (black) and older (grey) adults had 
sufficient coherence (i.e., >0.63) between blood pressure (input) and middle cerebral artery 
blood velocity (output) across all conditions (panel A). Indomethacin (INDO) dropped coherence 
for both age-groups (panel A; p<0.001 vs. pre-indomethacin* and post-placebo#).  INDO also 
decreased gain (panel B; p < 0.001 vs. pre-indomethacin* and post-placebo#) and increased 





The novel findings of the current study were that 1) cognitive performance was worse 
after an oral dose of indomethacin, regardless of age, but; 2) there was no evidence of an 
association between acute decreases in cerebral perfusion and a reduction in cognition, 
even in older adults. This was in opposition to our hypothesis, that those with lower 
baseline MCAvmean (i.e., older adults) would be more cognitively-sensitive to reductions 
in perfusion.  Other findings, which provide support for existing literature, were that 
older adults have lower MCAvmean and worse cognitive performance than younger 
adults, but not lower CVRHYPER, CVRHYPO, NVC, or CA. We also provide an indication that 
CVRCO2 is mediated largely by prostaglandin synthesis.   
7.5.1 Cognitive impairment after indomethacin  
Overall, the current findings do not support our hypothesis that an acute reduction in 
MCAvmean (i.e., with indomethacin) would impair cognition, or that this would be more 
evident in older adults. Mental switching ability was impaired after indomethacin, but 
this was not evidently associated with the acute reduction in MCAvmean, even in older 
adults. Older adults did have lower MCAvmean and cognitive performance at rest, but this 
was not linearly associated with acutely induced cognitive deficits. Therefore, it appears 
that acute reductions in MCAvmean of <30% may not result in impaired cognitive function 
(Figure 7.5A).   
Marshall et al. (2001) reported that a 23 - 54% reduction in perfusion from an acute 
internal carotid artery balloon test occlusion (30 min) resulted in transient and 
reversible reductions of sustained attention in cardiovascular disease patients. 
Sustained attention was examined using a response time task on the computer. The 
patients who maintained baseline CBF also maintained baseline cognitive performance. 
However, those who experienced a reduction in global CBF also experienced impaired 
cognition. In support of this finding, transient cerebral hypoperfusion in chronic kidney 
disease patients also associated with impaired cognitive performance during 
haemodialysis (Findlay et al., 2019). Findlay et al. (2019) showed that MCAvmean 
significantly decreased by 7 cm/s during 2 hours of dialysis, which moderately 
correlated with the intradialytic decline in executive function (trail making tasks; 13.5 s 
slower). Although we acutely reduced cerebral perfusion to a similar extent in healthy	




decreased flow. The most obvious difference between our results and the findings of 
Marshall et al. (2001) and Findlay et al. (2019) lies in their clinical, compared to our 
healthy, cohort. Healthy individuals with greater fitness, such as those recruited for this 
study, can buffer physiological strain - such as inflammation (Hamer and Steptoe, 2007) 
and oxidative stress (Radak et al., 2005, Radak et al., 2008) - to a higher degree. For 
example, higher fitness is associated with lower inflammatory cytokine responses to a 
10-min mental stress task (Hamer and Steptoe, 2007). Fitness also results in lower base 
levels of reactive oxygen species and increased activity of antioxidant enzymes and 
bioavailability of NO (summarised by Radak et al. (2008)). Therefore, fitness may act as 
a buffer against transientreductions in MCAvmean. It is also possible that regional 
neurovascular coupling (i.e., increased perfusion during cognitive demand and 
heightened metabolic demand) is protected against a ~25% reduction in cerebral 
perfusion, as there is an apparent “overcompensation” of functional hyperaemia during 
increased neuronal demand (Phillips et al., 2016) or a redistribution of flow to 
cognitively-localised areas.  
Combined with the multifactorial effects of indomethacin - such as anti-inflammatory 
and potentially oxidatively stressful mechanisms - our results may underestimate the 
expected cognitive change within clinical, or less healthy, cohorts. In an acute sense, 
indomethacin is an anti‐inflammatory drug that does not appear to alter cerebral 
metabolism (Jensen et al., 1991, Pickard and MacKenzie, 1973, Sakabe and Siejö, 1979, 
Dahlgren et al., 1981, Wennmalm et al., 1981). However, indomethacin is reported to 
promote oxidative stress in the small intestine and kidney of rodents by virtue of drug-
induced generation of reactive oxygen species and decreased level of anti-oxidants and 
oxygen uptake(Basivireddy et al., 2002, Tomita et al., 2014, Varghese et al., 2009). The 
brain is particularly vulnerable to oxidative stress, but the effect of indomethacin on 
acute cerebral oxidative stress (and cognition) has not been addressed. Therefore, the 
mechanism by which cognition is acutely worsened with ingestion of indomethacin 
remains unclear. However, it remains a possibility that participants were distracted by 
feelings of significant gastrointestinal upset (Table 7.2), despite the use of an anti-
nausea, that led to worsened performance. If this occurred, one would expect a greater 
reduction in cognitive performance across all measures. Future research should 
consider implementing a fatigue and gastrointestinal upset control such as a visually 




7.5.2 Cerebrovascular Characteristics after Indomethacin  
Along with reducing cognitive performance, indomethacin decreased MCAvmean by 25 ± 
10 and 28 ± 12% in young and older adults, respectively. This decrease is likely 
attributed to a drug-induced constriction of cerebral resistance vessels from inhibition 
of vasodilating prostaglandin synthesis.As expected, we also observed decreased 
CVRHYPO, by 50 and 54%, and CVRHYPER, by 62 and 77%, for young and older adults, 
respectively. This is beyond the day-to-day and within-day variability reported in Table 
7.3. In agreement with previous literature, this provides evidence toward CVRCO2, and 
particularly CVRHYPER, being prostaglandin mediated and therefore also an index of 
endothelial function within the brain (sections 2.1.1.1.1 and 4.3). Specifically, Kastrup et 
al. (1997) showed that the indomethacin-induced decrease in CVRHYPER is linearly 
correlated with initial baseline values of CVRHYPER (r = 0.74), and we have extended this 
finding to show the same relation with CVRHYPO (r = 0.88), and in older adults (r = 0.87). 
This means those who have the highest baseline reactivities experience the greatest 
reduction when prostaglandin synthesis is inhibited.  
In the current study, indomethacin blunted the peak PCAv response to a visual stimulus 
in young, but not older adults. This blunted NVC response in young adults is likely due to 
increased vascular resistance inhibiting vessel dilation from respective neuronal 
activation. In support of our findings, Bruhn et al. (2001) gave young participants a 
visual stimulus during blood oxygenation level dependent MRI and reported a 44 - 53% 
attenuation after indomethacin in the NVC response. Indomethacin also blunted the 
maximal relative flow velocity of young adults in response to a reading task (Szabo et al., 
2014). The lack of attenuation in older adults may be due to an overall lack of statistical 
power (n=5 in each group) or methodological considerations, such as an insufficient 
dark room or bright stimulus. These considerations could have potentially affected 
young and older participants differently due to age-related differences in the visual 
system and haemodynamics (Grady et al., 1994, Bierre et al., 2016).  
Although CVRCO2 and NVC (in younger adults) are reduced after indomethacin, it is likely 
by the same drug-induced vasoconstrictive-effect that CA appears to be enhanced. 
Decreases in perfusion and increases in vascular resistance intensify the signal power 
for blood pressure and weaken signal power for blood flow. These power changes result 




existing literature using new born and foetal lambs (Van Bel et al., 1993, Van Bel et al., 
1995), and head injured humans (Puppo et al., 2007). A decrease in gain indicates that 
less flow is transmitted for each mm Hg of pressure, i.e., blood pressure is having less 
influence on MCAvmean. Changes in BP normally trigger a rapid downstream 
vasoconstrictive response. However, in this scenario indomethacin has pre-emptively 
caused systemic vasoconstriction, facilitating the CA response. Similarly, an increase in 
phase suggests pressure is “leading” flow more strongly, whereby the flow response to a 
pressure-pulse is lengthened. This likely results from increased vascular resistance. 
Therefore, we are careful to interpret “enhanced” CA as anything but changed vascular 
tone. It is likely that these indomethacin-related changes would also be seen during 
spontaneous oscillations in BP.    
7.5.3 Baseline Group and Cerebrovascular Characteristics  
As discussed in Chapter Two (2.1.2.2), CBF declines by ~5% every ten years (Grolimund 
and Seiler, 1988), or 28 - 50% between ages 30 and 70 y (Ogoh et al., 2014, Heo et al., 
2010). The prefrontal cortex – which is often associated with cognitive function - also 
declines ~5% per decade after age 20 y (Hedden and Gabrieli, 2004). In addition to 
other structural changes (Bhogal et al., 2016), the age-related decrease in CBF may be 
partly attributed to a loss of prostaglandin function (Barnes et al., 2012). The current 
study shows a 14% difference in MCAvmean between young and older adults (Figure 
7.2A). The reduction in anterior cerebral perfusion is likely due to a degree of vascular 
dysfunction, as evident from reduced CVC in older adults (Table 7.4). Lower CVC 
demonstrates that less flow occurs for a given pressure, potentially due to less total 
vasculature or higher vascular resistance. However, older adults did not have a 
measurable impairment in cerebrovascular function at rest, as determined by CVRCO2, 
CA, and NVC. The finding that CVRCO2 was not impacted by age agrees with Braz et al. 
(2017) who also found no difference between young and older groups of trained and 
sedentary adults. As discussed in both Chapters Two (2.1.2.2) and Eight (section 8.2.2.1), 
there is no clear evidence whether CVRCO2 is impacted by healthy aging, or not. It is 
possible that any differences between age groups were missed due to CVRCO2 being a 
variable measure, despite using a reliable measure of CO2 control (i.e., computerised 
clamping). Even slight hypo- or hyper-ventilation, with constant PETCO2, may increase 
or decrease CVRHYPER, respectively (Ogoh et al., 2019). We did not find any difference in 




rate across time (Table 7.4).  
Cognitive functions, such as executive functioning, also decline with age (Li et al., 2001, 
Kramer et al., 2003, Colcombe and Kramer, 2003, Brown et al., 2010). The older adults in 
the current study were, on average, 15% worse with only response time tasks than their 
younger counterparts were (Figure 7.5B). This may be because the older adults 
recruited for this study were exceptionally healthy and cognitively active. For instance, 
75% of the group were current or recently retired academic staff of the University of 
Otago. Thus, this older group may underestimate the cognitive and cerebrovascular 
change expected for an “older” population.  
One consideration is the fact that an acute reduction in CBF was used to partially inform 
chronic age-related effects. In an acute sense, cognition was not impaired by virtue of 
acutely decreased CBF per	se. This does not mean that a chronic loss of, or reductions in, 
CBF or cerebrovascular function would not lead to cognitive impairment. Wolters et al. 
(2017) have demonstrated that cerebral hypoperfusion was a risk factor for cognitive 
impairment after a 6-year follow-up with 4759 adults. Additionally, a decrease in CBF 
over 3 years correlated to a decrease in global cognition (mini-mental state exam; r = 
0.59) of 27 hypertensive and cognitively-sound older adults (Kitagawa et al., 2009). 
Thus, there may be a case for chronic cerebral hypoperfusion impacting cognition. 
However, it is difficult to know if neuronal or vascular changes are driving the cognitive 
impairment. In support of the vascular argument, Faraco et al. (2018) reported that 12 
weeks of a high-salt diet impaired cerebral endothelial function eventually led to 
impaired cognitive function in mice. This response was mitigated when the mice 
returned to a normal diet or treatment with a NO precursor L-arginine. In support of the 
neuronal argument, reductions in grey matter across the lifespan are associated with 
cognitive impairment (Ramanoël et al., 2018), revealing the possibility that age-related 
cognitive decline occurs independently of flow.  
The older adults recruited for this study had particularly high fitness. The average 
predicted VO2peak was 42 mL/min/kg, which corresponds to the 50th percentile of 
fitness of 30 year old men (American College of Sports Medicine author, 2018), and 10 of 
the 12 were above the 80th percentile for their age and sex. Regardless, cognitive 
performance on all response time variables was weakly to moderately associated with 




protective against age-related cognitive decline (Gorelick et al., 2011), reduced cerebral 
perfusion (Bailey et al., 2013), and vascular disease (Williams, 2001). Investigating the 
link between fitness, vascular function, and cognition has become more popular in 
recent years. Current theories propose that exercise may modify the vasculature to 
enhance cerebrovascular function and thus cognition (Barnes, 2015, Gauthier et al., 
2015). Tarumi et al. (2015) reported that endurance-trained adults performed better on 
memory and executive function tasks than sedentary adults did. Performance in this 
instance was associated (r ≤ 0.36) with greater flow-mediated dilation of the brachial 
artery and CVRHYPER, concluding that the cognitive-benefit of fitness may be mediated by 
enhanced vascular function. Existing literature supports that habitual physical activity 
level, independent from fitness, is positively linked to better cognitive performance on 
inhibitory and switching tasks. Within the same group, CVRHYPER was associated with 
better cognitive performance in young (Guiney et al., 2015), but not necessarily older 
(Guiney et al., 2019) adults. In the current study, only older adults had an association 
between baseline CVRHYPER and cognitive performance, such that Anti and Pro/Anti 
performance was best in those with higher reactivities (r = - 0.36 and r = -0.52, 
respectively), but this is likely to be confounded by age itself within the older adult 
group.   
7.5.4 Limitations  
Due to the nature of a linear regression analysis, it is possible that the true effect of 
hypoperfusion on cognition was missed due to the consistent reduction in MCAvmean 
between participants, limiting the spread of data. Future research could administer 
three graded doses of indomethacin to measure any cognitive reactivity to 
hypoperfusion within participants. Likewise, the method of acutely reducing CBF with 
indomethacin may have introduced confounding and distracting factors such as 
tiredness and GI-upset. Other means of reducing CBF, such as lower body negative 
pressure (LBNP), may result in a wider range of CBF reductions while also avoiding 
these potentially confounding factors. Albeit, models such as LBNP may elicit other 
confounders, such as altered PETCO2, parasympathetic and sympathetic activity.  
This study was not designed to study the effects of chronic CBF reduction on cognitive 
impairment, which may instigate other factors such as those described in Section 2.1.2.2 




effects of neuronal atrophy). Therefore, it remains unknown if chronic use of 
indomethacin, or longer durations of reduced CBF, would result in cognitive 
impairment. However, aging studies would imply that long term hypoperfusion may 
result in cognitive impairment (e.g., Wolters at el., 2017). 
The results of this study can only be related to certain aspects of cognitive function, 
including working memory, mental flexibility, and inhibitory and motor responsiveness. 
These cognitive tests were chosen based on previous studies showing age-related  (Li et 
al., 2001) and hypoperfusion-related (Findlay et al., 2019; Marshall et al. 2001) cognitive 
impairment in executive function and memory. Other domains of cognition, such as 
decision making, vocabulary or long-term memory may also show changes with age but 
are unlikely to be sensitive to acute perturbations such as transient reductions in CBF.  
As normal for studies using a cross-sectional design, the young group cannot be 
interpreted as younger versions of the older group. Although both groups were healthy 
and had above normal fitness, it is not certain that each younger adult will maintain this 
status across their lifespan. The results may therefore underestimate any age-related 
effects on cerebrovascular or cognitive function due to the above-normal fitness and 
cognitive status in our older cohort.  
The current study also relied on the usual assumption that changes in CO2 increase flow 
by dilation of downstream vessels without a meaningful change in MCA (or PCA) vessel 
diameter. As described in Chapter Two, 2.1.1.1, this has been extensively disproven with 
MRI, wherein the MCA may dilate up to 7%. However, any vessel dilation would result in 
an overall underestimation of changes in flow. Furthermore, by using a drug to 
purposefully reduce flow and increase vascular resistance, we may be underestimating 
the total reduction in flow. Lastly, although sex was included as a potential confounding 
factor within the statistical design, we did not power the study to test for sex differences.   
7.6 Conclusion 
 In conclusion, cognitive performance on a mental switching task was significantly worse 
after an oral dose of indomethacin. However, we did not find evidence of an association 
between the reduction in performance and the ~25% reduction in cerebral perfusion, 
even in older adults. Although older adults had lower MCAvmean and worse cognitive 
performance at rest, both groups experienced a similar reduction in cerebral perfusion 










Based on the similar profiles between CBFv and cognition during increasing exercise 
intensity, and the reported correlations between acute and chronic (i.e., age-related) 
changes in CBF and cognition, the central aim of this thesis was to determine if an acute 
increase or decrease in CBFv (i.e., MCAvmean) was partly responsible for an acute change 
in cognitive function. Throughout this thesis, cognitive functioning was measured during 
acute perturbations that increased or decreased CBFv.  
8.1 Summary of Main Findings 
8.1.1 Cerebrovascular regulation is not blunted during mental stress 
Previous literature revealed that mental stress may impair endothelial function in the 
periphery. Due – in part - to the potential of mental stress during experimental protocols 
within this thesis, the first study aimed to characterise the effect of mental stress on the 
cerebral vasculature. CVRHYPER was used as an index of cerebral endothelial function and 
was measured before and during low and high mental stress tasks. As presented and 
discussed in Chapter 4, mental stress and hypercapnia had interactive effects on CBFv, 
such that acute mental stress altered the regulation of CBFv beyond the stress-induced 
increase of MAP. The CBFv response appeared larger than metabolically warranted, 
based partly on its magnitude and the NIRS responses, and seemed unlikely to reflect an 
artefact of the indirect nature of these measures. 
8.1.2 Acute exercise‐related cognitive effects are not associated with changes in end‐tidal 
CO2 or cerebral blood velocity 
Exercise is one of the most common perturbations associated with acute cognitive 
improvement. However, the physiological mechanisms supporting this improvement 
remain unknown. Therefore, Chapter Five utilised a protocol to isolate the exercise-
related effect of PETCO2 and CBFv on cognition. Acute exercise-related improvements to 
cognitive function were not caused by changes in PETCO2, or resultant changes in CBFv. 
In fact, both mild and substantial hypercapnia (at rest or during exercise) impaired 
cognition, despite acute increases in cerebral perfusion. The active group experienced a 
cognitive benefit from only submaximal exercise, while the inactive group did not. 
However, aerobic fitness was moderately associated to baseline response time, whereby 




(Pro, Anti, and Pro/Anti). Therefore, the cognitive benefit from acute exercise is likely to 
arise from multiple mechanisms, which may or may not include exercise-related 
increases in cerebral perfusion and PETCO2.   
8.1.3 Swimming‐related effects on cerebrovascular and cognitive function 
Changes in posture, breathing patterns, hydrostatic pressure, sympathetic activation, 
and neural demand influence the profile of CBFv, and may influence cognition. In this 
regard, swimming is a mode of exercise that may differ greatly from terrestrial exercise, 
and the profile of CBFv has not been reported in the literature. In Chapter Six, CBFv was 
increased using water immersion and moderate-intensity swimming, in swimmers and 
land-based athletes. In addition to determining the component factors supporting 
increased CBFv (i.e., postural and hypercapnic effects), cognitive function was measured 
in upright posture on land and in water, as well as after a 20-min swim. Swimming 
improved cognitive performance, regardless of athlete group, but this improvement was 
not associated with increases in CBFv. Additionally, the increases in CBFv from water 
immersion did not result in a cognitive benefit.  
8.1.4 Effect of Cerebral Blood Flow on Cognition across Healthy Adulthood  
After determining from the previous two chapters that acute increases in CBFv per	se	do 
not result in a measurable cognitive benefit, we tested the hypothesis that an acute 
reduction of CBFv (~25% using indomethacin) would impair cognition in young adults, 
and more so in older adults. Additionally, we characterised the extent to which age-
related reductions in CBFv are modulated by the usually-observed impairment in 
cerebrovascular function. Cognition was worse after indomethacin, regardless of age 
and unrelated to changes in CBFv. Prior to indomethacin, older adults had worse 
cognitive performance and slower CBFv, but did not have impaired cerebrovascular 
regulation. Therefore, a ~25% reduction in cerebral perfusion may not impair cognitive 
performance in healthy young and older adults.  
8.2 Integration of Main Findings  
8.2.1 Associations between acute changes in MCAvmean and cognitive performance  
Throughout this thesis, cognitive function was measured at baseline and with acute 
increases and decreases in CBFv. We used a response time battery to examine 




elements of cognition. Performance on these types of processing speed tasks improve 
acutely with moderate-intensity exercise across different human cohorts (McMorris and 
Hale, 2012), as described in Chapter 2 (section 2.2.3).   
In Chapters Five and Six, CBFv was acutely increased	with exercise (treadmill walking 
and swimming), water immersion, and hypercapnia, whereas, in Chapter Seven, CBFv 
was acutely decreased using a pharmacological aid (i.e., indomethacin). A common 
cognitive task was used in each data Chapter to measure accuracy-adjusted response 
time. Therefore, by combining data from Chapters Five to Seven ( Figure 8.1 and Table 
8.1) it is possible to visually and more comprehensively address the overarching 
question of this thesis: Is an acute change in CBFv partly responsible for an acute change 
in cognitive function? As expected, MCAvmean increased with submaximal and maximal 
exercise, hypercapnia, and water immersion.  
Cognitive performance statistically improved only after exercise (Chapter Five and Six). 
Although hypercapnia and water immersion increased MCAvmean, this increase did not 
measurably associate with improved cognitive performance. Indomethacin decreased 
MCAvmean by ~25%, simultaneous to a cognitive detriment of 6%. As evident from 
Chapter Seven, it appeared that indomethacin itself impaired cognition, irrespective of a 
decrease in CBFv. This, however, requires further research particularly with reductions 
in CBFv greater than 25% and in individuals with less healthy ageing or other instances 
of compromised cerebrovascular function.  
As illustrated in Figure 8.1 (and detailed in Table 8.1and  Figure 8.2), there appears to be 
no clear association between overall changes in MCAvmean and cognitive performance. 
However, we cannot rule out an effect of ≥25% reduction in CBFv for mental switching 
tasks (i.e., Figure 8.1C). The shape of the relation was not hypothesised to be linear, nor 
predicted to show the same profile for increases and decreases in MCAvmean. In fact, it 
was originally hypothesised that there would be a cognitive reserve against reductions	in 
CBFv up to a point, but – if perfusion contributes to exercise effects on cognition - any 
increases	in CBFv (i.e., even from mild hypercapnia) would improve cognitive 
performance. Future research addressing this notion is suggested in section 8.4, below. 
We found that cognition worsened simultaneous to a ≥25% reduction in CBFv, but acute 
increases in perfusion did not measurably associate with cognitive improvement. 




impacted by changes in CBFv. Specifically, improved cognition does not, necessarily, 
require or stem from an increase in flow, and neither do modest increases or decreases 





  	Figure	8.1 Combined data from 3 studies (Chapters Five to Seven) addressing the central 
question of this thesis: Does an acute change in MCAvmean associate with an acute change in 
cognitive performance? Data illustrated in the above panels is described in  Table 8.1. Changes 
from baseline mean middle cerebral artery blood velocity (MCAvmean) plotted against changes 
from baseline cognitive performance on accuracy-adjusted response times (aRT) for basic 
visuomotor (Pro; Figure A), inhibitory (Anti; Figure B), and mental switching (Pro/Anti; Figure 
C) tasks in young (closed circle) and older (open circles) adults. Negative changes represent 




	Table	8.1 Summary of the associations between acute changes in middle cerebral artery blood velocity 
and cognitive performance from this thesis.   
Increased or “better” performance (↑), decreased or “worsened” performance (↓). Associations 
(linear regression, r) between the changes from baseline in mean middle cerebral artery blood 
velocity (MCAvmean) and cognitive performance on the Pro/Anti task (mental switching ability; 
accuracy-adjusted response time) in different groups under different acute perturbations. Data 
represent results from Chapters Four to Seven. A visual representation of listed associations can 
be found in  Figure 8.2, emphasising these are generally weak and variable associations. N, 
number of participants included in the correlation. #difference from time-matched placebo 






















  +5 mm Hg  20 ↑1% ↑5% 0.31 
+10 mm Hg 20 ↑1% ↑23% 0.26 
Uphill	Walking	(50%	HRR) 
 Active  10 ↑ 4% ↑17% -0.34 
Inactive 10 ↑ 5% ↑7% 0.24 
Uphill	Walking	(50%	HRR)	+	Hypercapnia 
 Active  10 ↑ 2% ↑38% -0.05 
Inactive 10 ↑ 5% ↑40% 0.10 
Uphill	Walking	(80%	HRR) 
 Active  10 ↑ 2% ↑18% -0.14 





Athletes  10 ↓2% ↓2% -0.80* 
Swimmers 7 ↑1% ↑6% 0.27 
Upright	water	immersion	
 Land-based 
Athletes  10 ↑4% ↑12% -0.02 




 Young 13 ↓8% ↓25% -0.42 




  	Figure	8.2A summary of changes from baseline in mean middle cerebral artery blood velocity 
(MCAvmean) and accuracy-adjusted response time (aRT) from multiple acute perturbations 
between groups. Data presented are summarised from Chapters Five to Seven and included in 






In summary, there appears to be no functional cognitive benefit to acute increases in 
flow. It is important to note that cognitive functioning requires some level of perfusion 
to maintain appropriate cerebral metabolism, but this thesis provides evidence that 
increases above normal perfusion appears not to have a functional outcome for 
response time tasks in healthy individuals. Our data also indicate that both young and 
(healthy) older adults likely have a cognitive reserve against hypoperfusion, as 
illustrated in Chapter Seven (Figure 7.5) wherein a reduction in cerebral perfusion 
(albeit ~25%) did not measurably result in cognitive impairment.  
8.2.2 Potential Modulators 
Although acute increases or modest decreases in flow per	se may not affect cognitive 
function, it is important to consider the chronic	modulators supporting CBFv regulation. 
Factors such as fitness, age, and training modality may, for example, affect the 
maintenance of neuronal energy stability and therefore neuronal maintenance. These 
factors have been interpreted (previously and within this thesis) as potential 
modulators to baseline CVRCO2, cognition and/or flow profiles. Table 8.2 summarises 
these potential modulators, and how they were found to relate to cognition and 
MCAvmean in the current thesis.   
Table	8.2	 Summary of baseline group characteristics as potential modulators supporting 
cognitive performance. 
 Note. Correlation coefficients (linear regression, r) between potential modulators (i.e., Age, 
VO2MAX, training modality) and baseline cognitive performance on a mental switching task 
(Pro/Anti, accuracy-adjusted response time) and mean middle cerebral artery blood velocity 
(MCAvmean). Refer to  Figure 8.3 for visual illustration of baseline MCAvmean and VO2max on 
cognitive performance correlations. N, number of participants. NA, not applicable. *all cognitive 
tasks p ≤ 0.03. 
    Participants	 N	 Cognition		 R	 MCAvmean	 r	
Potential	
Modulators	















0.30* Not related 0.13 
Training	
Modality	













 	Figure	8.3	 Cognitive performance is strongly modulated by age, therefore associations with 
accuracy-adjusted response time (aRT) are separately grouped for young (18-35 y) and older 
(50-70 y) healthy adults. Baseline mean middle cerebral artery velocity (MCAvmean; panel A, B), 
maximal oxygen consumption (VO2max; panel C, D), and cerebrovascular hypercapnic reactivity 
(CVRHYPER; panel E, F) are potential modulators for cognitive function. Cumulative data from 3 
studies (Chapters Five to Seven) is presented for “Young” while only data from Chapter Seven is 






As discussed in Chapters Two (section 2.1.2.2 and 2.2.2.2) and Seven (section 7.5.3), 
aging is a potent modulator of both cognitive functioning and baseline CBFv. The age-
related detriment in cerebral perfusion may be due to increased pulsatility, 
cerebrovascular resistance, and reduced baroreflex sensitivity (as reviewed by Tarumi 
et al. (2015)). The results from Chapter Seven found that our healthy older adults had 
lower CBFv and cognition, but not CVRCO2. This finding supports previous literature 
showing similar CVRHYPER between young and older groups (e.g., Coverdale et al. 
(2017)). Due to the confounding nature of age itself, other modulating factors of 
cognition and CBF have been analysed in young and older groups, separately (e.g., 
Figure 8.3).  
8.2.2.2 Fitness and Maximal Oxygen Consumption 
Throughout Chapters Five to Seven, and in Figure 8.3C, fitness appears to moderately 
associate with mental switching performance in young adults. This agrees with existing 
literature, as discussed in Chapter Two, section 2.2.2.3 and Chapter Five, section 0. 
Briefly, fitness, independent from physical activity, is known to benefit cognitive 
function in young adults (Yates et al., 2018). This is particularly true for measures of 
executive function (Brown et al., 2010, Cameron et al., 2015, Guiney and Machado, 
2013).   
Furthermore, our data support no difference in CVRHYPER between active and inactive 
young adults (Chapter Five), nor an association between fitness and CVRHYPER in young 
or older adults (Figure 8.4). This adds to the existing literature and supports the findings 
of Zhu et al. (2013) who showed that life-long aerobic exercise training had minimal 
effects on cerebral haemodynamics, as discussed in Chapter Two, section 2.1.2.3. 
However, it is important to note that we did not purposefully recruit sedentary older 
adults and our “inactive” young adults may not be completely sedentary (discussed 
within Chapter Five, section 5.5.3.). Thus, any conclusions from these data are limited to 




 	Figure	8.4	 Cardiorespiratory fitness (VO2max) is not strongly associated with cerebrovascular 
hypercapnic reactivity (CVRHYPER) in young (panel A) or older (panel B) adults who participated 
in the experiments within this thesis.   
8.2.2.3 Baseline MCAvmean and Cerebrovascular CO2 Reactivity 
The results from this thesis do not support a convincing relation between baseline CBFv 
and cognition, which opposes some existing literature (as discussed in Chapter Two, 
section 2.1.2.4) but agrees with Guiney et al. (2019). The current findings contrast with 
those of Lucas et al. (2012) who showed moderate associations between MCAvmean and 
performance on simple and difficult response time tasks (Stroop). Upon further 
reflection, Lucas et al. (2012) did not separate young and old groups from the 
correlational analysis. Age is a confounding factor and is likely to mediate any 
association between response time and CBFv. For example, it may have mediated the 
association even within the older group analysis in Figure 8.3 (panel F).  
Our results revealed a weak association between CVRCO2 and cognition. This association 
has recently been investigated by other groups. For example, Peng et al. (2018) used 




positively associated with changes in processing speed and episodic memory in 116 
adults aged 20 to 88 y. However, this change may be driven quite substantially by age as 
Catchlove et al. (2018) found a relation between CVRHYPER and cognition only in older 
adults, and not young.  
This thesis involved only	healthy adults. The association between CBF and cognition may 
be different in clinical populations, particularly when considering CBF regulation. For 
example, CVRCO2 is impaired in diabetic (-22% on average across 5 studies), Alzheimer’s 
(-21% average from 5 studies), and vascular dementia (-56% from 3 studies) patients 
(review by (Hoiland et al., 2019)). Additionally, Type 2 Diabetics are known to have 
cognitive impairment. Tiehuis et al. (2008) reported that this impairment was 
associated with total CBF, across Type 2 Diabetics and healthy controls. Furthermore, 
reduced regional CBF in dementia patients is associated with cognitive dysfunction 
(Osawa et al., 2004).  
Therefore, the data collected within this thesis supports that across healthy active and 
inactive adults, baseline CBFv or CVRCO2 is not associated with cognitive performance. 
There may be an association within older or clinical populations, but caution needs to be 
taken as age itself is a strong confounder to both cognition and CBFv.  
8.3 Main Perspectives and Considerations 
1) MCAvmean	as	an	index	of	CBF	
MCAvmean was used throughout this thesis as an index of CBF. Due to the dynamic nature 
(i.e., during exercise) of our protocols, and resource availability, TCD was an appropriate 
measure. However, there are obvious limitations associated with TCD measures of CBF, 
particularly the fact it is a measure of only velocity. As discussed within each data 
Chapter, we held the usual assumption that hypercapnia increases flow by dilation of 
downstream vessels without a meaningful change (increase) in MCA diameter. However, 
it has recently become evident that hypercapnia does dilate the MCA (and other 
subcortical vessels), albeit by a small amount, during hypercapnia (Al-Khazraji et al., 
2018, Coverdale et al., 2014). As illustrated in Chapter Two (Figure 2.2) and discussed in 
Chapter Three, there is a discrepancy between velocity and flow measures, which ranges 
from 2-15% during hypocapnia, and 4-23% during hypercapnia. Thus, our data may 




or implications discussed above. 
2) Cognitive	assessments	
Cognitive function is a broad term encompassing multiple mental abilities. These 
abilities can be specified into domains such as executive function, memory, attention, 
and psychomotor speed. This thesis focused on certain processes only within executive 
functioning (e.g., inhibition and mental switching) and visuomotor speed. Therefore, 
other aspects of cognition could be affected by acute changes in CBFv but were not 
tested. For example, working memory may improve after acute bouts of exercise, but 
this is most likely to happen in those with lower baseline performance (Sibley and 
Beilock, 2007). The tasks chosen for this thesis (i.e., from a response time battery) were 
based on previous work done with our group and normally regarded within the 
literature as affected by age and acute exercise (see Chapter 2, section 2.2.3).  
3) Reliability	of	CVRCO2.		
Despite controlling for diet, activity, posture, and time-of-day, and using a reliable CO2 
stimulus, CVRHYPER and CVRHYPO had low ICC coefficients across three days (0.25 and 
0.34, respectively). This signifies a limitation throughout the current thesis, as CVRCO2 
was a primary outcome and used to denote cerebrovascular regulation in some capacity. 
Our ICC findings align with previous literature. For example, in Totaro et al. (1999), 
CVRHYPER with 5% CO2 inhalation had poor reliability when measured twice, 24 hours 
apart (ICC = 0.43). However, this was greater than that of CVRHYPER using the rebreathing 
method (ICC = 0.17). Furthermore, McDonnell et al. (2013) show similar reliability for 
CVRHYPER (coefficient of variation = 35%), which is comparable to the 44% coefficient of 
variation we obtained, as reported in Chapter Seven (Table 7.3). Interestingly, the 
findings from McDonnell et al. (2013) also revealed that sitting postures were more 
reliable than whilst lying. Measuring CVRCO2 with TCD has its limitations. Therefore, 
researchers are moving toward more comprehensive, and potentially more reliable, 
methods (that include vessel diameter) such as BOLD and arterial-spin labelling MRI. 
For example, Kassner et al. (2010) reported that MRI measures of CVRCO2 produce good 
reliability (≥0.66) in white and grey matter across two days. To be certain, more 






It’s possible that lower familiarity with exercise (i.e., low habitual physical activity) 
negatively alter the perception of exercise, as discussed in section 5.5.4. Unfamiliarity 
with the discomfort of exercise could be a distraction, thus impairing focus and cognitive 
performance. This notion could explain the lack of beneficial effect of submaximal 
exercise for physically inactive individuals. Furthermore, a heightened stress response 
could result in increased MAP, HR, and MCAvmean. If a physically inactive or sedentary 
participant was anxious, and exhibited an increased cardiovascular response, the 
physiological effects during exercise (i.e., increased ventilation and HR) may override, or 
nullify, the effects of resting stress. Or, it is possible that stress-induced hyperventilation 
at rest may augment ventilatory response during exercise - likely driving hypocapnia 
and altering perceptions of exercise. However, no evidence of this response appeared or 
was witnessed during data collection. 
8.4 Future Directions 
Future experimental directions and relevant questions are suggested below, based on 
the findings of this thesis.  
1) Baseline data, particularly in Chapters Four and Seven, could be further validated 
with ultrasound measures of CBF, particularly by tracking the diameter change 
and flow of the ICA and vertebral arteries. The ICA branches into and distributes 
~70% of blood to the MCA while the vertebral artery eventually bifurcates into 
the PCA and provides ~30% of total CBF (Zarrinkoob et al., 2015). Therefore, 
tracking the change in total flow between the ICA and VA should be a strong 
indication of total CBF.  
2) Similarly, additional validation of changes in CBF could also be done with MRI 
analysis, particularly during protocols with minimal movement or changes in 
posture. For example, it would be possible to replicate Study 1 (Chapter Four) 
using MRI, to quantify the extent of cerebrovascular change (perfusion and 
dilation) during acute bouts of mental stress and hypercapnia, particularly 
addressing the differences or similarities between anterior and posterior 
circulations.  
3) The current thesis studied particularly healthy and mostly quite fit adults. 




regulation (i.e., CVRCO2 and CA) and cognitive function, particularly with 
increasing age. As mentioned in Chapter Seven and above (section 8.2.2.1), aging 
results in cerebral changes that have been associated with chronic detriments to 
cognition. Furthermore, conditions such as heart and kidney disease are strongly 
associated with impaired cognition and poor cerebrovascular regulation (Findlay 
et al., 2019). Therefore, clinical populations may rely more heavily on adequate 
perfusion for acute cognitive tasks. To obtain a precise understanding of the 
clinical or age-related changes that occur for both cognition and cerebrovascular 
regulation, it is necessary to have a “healthy” baseline and track changes over 
time. Thus, longitudinal studies would offer more precise understanding of the 
normal verses clinical changes that occur across the lifespan.  
4) Although often included as a confounding factor (Chapters Five to Seven), the 
current thesis was not powered, nor designed, to test for sex differences. Females 
have, on average, higher MCAvmean due to smaller vessel diameters. This remains 
across the lifespan. Menopause, however, presents with a different vascular 
environment, and is often independently associated with increased 
cardiovascular risk (De Kat et al., 2017), although not necessarily paired with 
cognitive detriments (Greendale et al., 2009, Meyer et al., 2003). Therefore, 
investigation is warranted for sex differences in young (particularly across the 
menstrual cycle) and older adults (particularly in relation to menopause), with a 
focus on acute and chronic cerebrovascular associations with cognitive 
functioning.  
5) Chapter Seven reported simultaneous drug-induced decreases in CBFv and 
cognition in both young and older adults. Although the detriment to cognition 
was not measurably caused by a reduction in perfusion, it remains a possibility 
that there is cognitive reserve against hypoperfusion until a reduction greater 
than 25%. Therefore, studies addressing this concept would further scientific 
understanding of both cognitive reserve and the association between CBF and 
cognition. For example, heat, menstrual phase, and posture can acutely decrease 
CBF, albeit to a lesser extent (concurrent to metabolic, myogenic, chemical, and 
neurologic processes), and together may paint a picture of how much perfusion is 
necessary to maintain cognitive function.  
6) As described in section 7.5.4., it would be valuable to examine the influence of 




was based on the premise that acute and transient	changes in CBF would result in 
acute changes in cognition. However, future research in healthy	individuals could 
address the influence of increases/decreases in CBF of longer durations (e.g., 24 
hours and longer).     
7) Long-term interventions with changes in CBF are particularly interesting when 
considering the relation between brain-derived neurotrophic factors (BDNF) and 
cognition (particularly memory). Plasma BDNF, in humans, is used as an 
indication of changes in neuroplasticity during long-term interventions (such as 
exercise training)(Loprinzi and Frith, 2019). Studies using rodents have revealed 
that BDNF in the brain is positively correlated to improved cognitive 
performance  (Gomez-Pinilla et al., 2008).  This has been substantiated in 
humans, whereby exercise-training benefits to cognition were associated with 
increased plasma BDNF (Heisz et al., 2017).   Therefore, future research should 
examine the impact of increased CBF on BDNF and its direct impact on cognition 
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Protocol: H16/143 						 	 	 	 	 	   __th ______ 
2018 
Effect of fitness and mode of exercise on cerebrovascular function and cognition:  
Study 3: Effect of carbon dioxide and stress 
PARTICIPATION CONSENT FORM   
I have read the Information Sheet concerning this project and understand what it is about.  
All my questions have been answered to my satisfaction. I understand that I am free to 
request further information at any stage. 
I know that: 
1. My participation in the project is entirely voluntary; 
2. I am free to withdraw from the project at any time without any disadvantage; 
3.    I confirm that I meet the criteria for participation; 
 No history of cardiovascular, respiratory, psychological, neurological, or metabolic 
conditions; 
 Non-smoker;  
 Between the ages of 18 and 35. 
4. Personal identifying information, e.g. contact details, may be destroyed at the conclusion 
of the project but any raw data on which the results of the project depend will be retained 
in secure storage for at least five years; 
5. There are risks involved with my participation in this experiment, and they have been 
minimised for my own safety;  
6.  The study will require up to 2 hours of my time, and involve mental stress tests, whilst my 
brain blood flow, cardiovascular, and respiratory function are measured; 
7. The results of the project may be published and will be available in the University of Otago 
Library (Dunedin, New Zealand) where all participants will remain anonymous.  
 
I agree to take part in this project. 
 
............................................................................   ............................... 
       (Signature of participant)     (Date) 
 
............................................................................. 
       (Printed Name) 
This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph +643 479 8256 or email gary.witte@otago.ac.nz). Any issues you 













































































































































































Ms Leena Shoemaker            Assoc Prof Jim Cotter      
Telephone: (027) 363 0894           Telephone: (03) 479 9109  
















Study 1: Effect of carbon dioxide and fitness	
 PARTICIPATION CONSENT FORM  	
 
I have read the Information Sheet concerning this project and understand what it is about.  All 
my questions have been answered to my satisfaction. I understand that I am free to request 
further information at any stage. 
I know that: 
1. My participation in the project is entirely voluntary; 
2. I am free to withdraw from the project at any time without any disadvantage; 
3.    I confirm that I meet the criteria for participation which are explained in the Information 
Sheet; 
4. Personal identifying information, e.g. contact details, may be destroyed at the conclusion 
of the project but any raw data on which the results of the project depend will be retained 
in secure storage for at least five years; 
5. There are risks involved with my participation in this experiment, and they have been 
minimised for my own safety;  
6.  The study will require up to 6 hours of my time across three sessions, and involve exercise 
at maximal intensities in running and submaximal intensities in uphill walking, whilst my 
brain blood flow, cardiovascular, respiratory function, and cognition are measured; 
7. The results of the project may be published and will be available in the University of Otago 
Library (Dunedin, New Zealand) where all participants will remain anonymous.  
 
I agree to take part in this project. 
 
.............................................................................   ............................... 




       (Printed Name) 
 
This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph +643 479 8256 or email gary.witte@otago.ac.nz). Any issues you 






Figure	5.6. The associations of changes in mean middle cerebral artery velocity 
(MCAvmean) and partial pressures of end-tidal CO2 (PETCO2) with changes in accuracy-
adjusted reaction time (aRT) during normo- and hyper-capnia conditions (i.e., Submax, 
Submax+HighCO2 and POST vs. relevant baseline) from exercise (closed circle) and CO2-
control (open circle) sessions. For example, each participant has 6 data points for Pro 
trials. No evidence was found to support an association of changes in aRT to changes in 
MCAvmean or PETCO2. This was not included in the Chapter or manuscript due to 
collinearity concerns from each participant having multiple data points calculated from 

































































































































Posture  Breathing  Hydrostatic  Arm‐based 
Exercise 
Standing  Normal  Land  None 
Standing  Constrained  Land  None 
Laying Down  Normal  Land  None 
Laying Down  Constrained  Land  None 
Laying Down  Normal   Water  None 
Laying Down  Constrained  Water  None 




































































Ms Leena Shoemaker            Assoc Prof Jim Cotter      
Telephone: (027) 363 0894           Telephone: (03) 479 9109  











Protocol: H16/143 						 	 	 	 	 	   __th ______ 
2018 
Effect of fitness and mode of exercise on cerebrovascular function and cognition:  
Study 2: Effect of swimming on cerebrovascular function and cognition 
PARTICIPATION CONSENT FORM   
I have read the Information Sheet concerning this project and understand what it is about.  All 
my questions have been answered to my satisfaction. I understand that I am free to request 
further information at any stage. 
I know that: 
1. My participation in the project is entirely voluntary; 
2. I am free to withdraw from the project at any time without any disadvantage; 
3.    I confirm that I meet the criteria for participation which are explained in the Information 
Sheet; 
4. Personal identifying information, e.g. contact details, may be destroyed at the conclusion 
of the project but any raw data on which the results of the project depend will be retained 
in secure storage for at least five years; 
5. There are risks involved with my participation in this experiment, and they have been 
minimised for my own safety;  
6.  The study will require up to 4 hours of my time across two sessions, and involve exercise 
at maximal intensities in running and submaximal intensities in swimming, whilst my brain 
blood flow, cardiovascular, respiratory function, and cognition are measured; 
7. The results of the project may be published and will be available in the University of Otago 
Library (Dunedin, New Zealand) where all participants will remain anonymous.  
 
 
I agree to take part in this project. 
 
............................................................................   ............................... 
       (Signature of participant)     (Date) 
 
............................................................................. 
       (Printed Name) 
This study has been approved by the University of Otago Human Ethics Committee. If you have any 
concerns about the ethical conduct of the research you may contact the Committee through the Human 
Ethics Committee Administrator (ph +643 479 8256 or email gary.witte@otago.ac.nz). Any issues you 



















































































































































































































Ms Leena Shoemaker           Prof Jim Cotter      
Telephone: (027) 363 0894           Telephone: (03) 479 9109  































































































(Hardy & Rejeski, 1989)  
 While participating in exercise, it is common to experience changes in mood. Some 
individuals find exercise pleasurable, whereas others find it to be unpleasant. 
Additionally, feeling may fluctuate across time. That is, one might feel good and bad 
a number of times during exercise. Scientists have developed this scale to measure 
such responses. 
  
+5   Very good   
  
+4   
  




+1   Fairly good  
  
0     Neutral  
  




-3    Bad  
  




















































Māori        __ 
Samoan      __ 
Cook Island Māori    __ 
Tongan       __ 
Niuean        __ 
Chinese       __ 
Indian        __ 





























Running      Weightlifting       Rowing  
Dancing       Track and Field    Cricket 
Cycling       Rugby        Basketball 




6 months  1 year    2 years   3 years   4+ years 
 
6. How many days of the week do you do physical activity?  
1  2  3  4  5  6  7 
7. How many minutes (on average) do you do physical activity?  
Less than 30 minutes      30 minutes      More than 30 minutes 
 
8. Do you have any experience in swimming?  





Yes         No (Continue to question 9) 
If so, how many years have you been swimming?  
6 months  1 year    2 years   3 years   4+years 
How many days a week do you swim?  
1  2  3  4  5  6  7 
How many minutes do you swim each day?  
Less than 30 minutes      30 minutes      More than 30 minutes 
 
9. Do you have any experience in cycling?  
Yes         No  
If so, how many years have you been cycling?  
6 months  1 year    2 years   3 years   4+years 
How many days a week do you cycle?  
1  2  3  4  5  6  7 
How many minutes do you cycle each day?  














This scale will be used to measure nausea, bloating, dizziness, heartburn. 
 










According to the scale below, please indicate the severity of your symptoms 





0	 1	 2	 3	 4	 5	 6	




0	 1	 2	 3	 4	 5	 6	
Zero	 Minimal	 Mild	 Moderate	 Moderately	
Severe	
Severe	 Very	
Severe	
